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ECONOMIC GEOLOGY 


AND THE 
BULLETIN OF THE SOCIETY OF 
ECONOMIC GEOLOGISTS 


JUNE-JULy, 1961 


ECONOMIC ASPECTS OF ARCHAEAN-PROTEROZOIC 
BOUNDARIES? 


DUNCAN R. DERRY 


ANYONE seeing the letterhead of the Society’s stationery will note that the 
Corporate seal bears the device of two hemispheres of the Globe which are 
there, as Article II of the Constitution puts it, “in token of the Society's 
international character and scope.” Following this objective I have chosen 
a subject for this address that involves comparisons and observations from 
some parts of the world with which I am familiar. This subject is the rela- 
tionship of certain ore bodies to the boundaries between the older Pre- 
cambrian cores, or nuclei, of continents and the younger Precambrian areas 
that overlay or border them. Ina short and rather superficial treatment of 
a large subject it is almost impossible to avoid generalizations and over- 
simplifications and I must admit to a fairly liberal allowance. My only 
defense is that this address would be twice as long and a good deal duller if I 
included enough qualifications and exceptions to make all the statements 
scientifically accurate. 

The terms “Archean” and “Proterozoic” have recently come into some 
disrepute as a result of the discovery, over the past 15 years, that many 
areas of Precambrian rocks formerly regarded as ancient “basements,” and 
classed as Archean, were, in fact, of younger age than other tectonic provinces 


having rocks of less altered appearance. However, the increased tempo of 


work on radioactive dating of rocks has stressed a rather sharp distinction 
between, on the one hand, continental nuclei with ages greater than 
2,000 m.y. and, on the other hand, the accretions of younger Precambrian 
whether forming the roots of orogenic systems (involving intrusion and 
granitization) or as sedimentary and volcanic strata lying relatively unaffected 
by folding and metamorphism. Rather than coining new names, it seems 
reasonable to retain the term “Archean” but to use it in a more literal sense 
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and restrict it to the continental nuclei where the orogenic activity was 
completed 2,000 m.y. or more ago. The methods used for dating have now 
shown consistent enough results, and are being widely enough used, for 
such limitation to be placed on the name. The term is used in this restricted 
sense throughout this paper. 

Let us at all costs avoid the suggestion that has been made from several 
quarters, of using the terms “Archean” and “Proterozoic” as terms for rock 
types rather than rock ages. Such usage would surely compound confusion. 
The two names have perfectly good meanings involving time. All we need 
to do is define what we mean in time by “Archean,” or ancient, and use the 
tools now available to place into this time division the rocks that are older 
than our defining date. 

Similarly the term “Proterozoic” could reasonably be applied to all Pre- 
cambrian rocks after that time. Gill (10), writing in the Symposium on 
“Proterozoic in Canada” published by the Royal Society of Canada, suggested 
more specifically that the Proterozoic should extend from a base at the time 
of formation of the oldest sediment with algal structures up to a top at the 
base of the biozone of Olenellus. This would cover essentially the period 
in mind although the algal structures could not universally be found in the 
Lower Proterozoic. J. M. Harrison, in his contribution to the same Sym- 
posium (pp. 3-8), argued for retention of the name with 2,000 m.y. as the 
lower age limit. 

Although it is now rather widely accepted that there were not world-wide 
epidemics of orogenesis and that, on the contrary, orogenies occurred in 
successive and overlapping periods even on the different parts of a single 
continent, there does seem to be some world-wide significance in the break 
between the formation of continental nuclei prior to 2,000 m.y. and the 
geological events subsequent to that time. The ‘break’ was not exactly con- 


temporaneous over the globe, for example it seems to have occurred earlier 
in parts of Africa than in North America, but in most parts of the world 
where nuclei are exposed, a distinct break can be recognized. Perhaps the 
least definite break at this period is in the Baltic (17) and Ukranian Shields 
but even here one of several dividing intervals corresponds to the 2,000 
m.y. date. 


The predominant characteristics of Archean continental nuclei, as pointed 
out by Holmes, Gill, Wilson, Brock and many others, are: 


(1) Narrow belts of folded sedimentary-volcanic rocks indicating rather 
frequent orogenic activity. 

(2) A high ratio of voleanic, and especially andesitic, rocks to sedi- 
mentary. 

(3) Graywacke is the most characteristic type of sediment, with clean 
quartzite and limestone being less common, although H. S. Armstrong (1) 
has pointed out that limestone is commoner than generally believed. 

(4) Gold is the most characteristic economic mineralization. 


Granitized rocks form a large proportion of all such continental nuclei 
but no more so than the roots of mountain systems formed subsequently, and 
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it was the recognition of the fact that advanced granitization is no particular 
indication of antiquity that first permitted a clearer understanding of the 
structure and history of continents. 

A further characteristic of continental nuclei is provided by the bordering 
accretions of Proterozoic rocks. Over limited areas the margins are formed 
by overlying sedimentary and volcanic layers in relatively undisturbed atti- 
tudes. Going outwards (away from the nucleus) across such a marginal 
area the dips characteristically become steeper until one crosses a mountain 
front into the highly folded and altered rocks of the roots of a mountain 
system. Quite commonly the “apron” of undisturbed strata is absent and 
the margin of the nucleus is formed by the mountain front itself, either in 
the form of a thrust fault, or zone of faults, or in a sudden increase in degree 
of folding and alteration. A characteristic feature of folded Proterozoic rocks 
bordering an Archean nucleus is that the prevailing dip is away from the con- 
tinental nucleus, i.e. the axial planes of folding are inclined outwards, indicating 
that the force causing the folding was directed towards the nucleus. 

This relatively simple picture, of later sediments folded by pressures 
directed towards the Archean nucleus, is complicated and obscured in areas 
where more than one nucleus is involved. Most continents appear to have 
had more than one nucleus. Thus, the North American continent, disre- 
garding the possibility of nuclei that may now be completely covered by 
later sediments or obscured by later orogenies, has one major nucleus in 
the centre of the Shield, known as the Keewatin province (or alternatively 
the Superior province), and a much smaller one, known as the Yellowknife 
province, in the northwestern part of the Shield. The African continent 
has four or five nuclei, some of which may be further subdivided, the South 
American continent at least two, and the Indian Peninsula probably two, 
one in each of Western Australia, the Baltic and the Ukraine. In most 
cases in which these nuclei have been dated a rather consistent figure of 
2,500 m.y. + 400 is shown, except in Africa where parts of some nuclei 
have been dated at over 3,000 m.y. and in the Ukraine Shield where one 
complex is claimed (19) to be 13,000 m.y. or more, an age difficult to accept 
without confirmation of similar ages from other parts of the world. 

There is much more variation in the ages determined on the marginal 
accretions both in the different parts of the perimeter of a single nucleus 
and in going from one continental nucleus to another. 

Once the distinction between the Archaean nuclei and their Proterozoic 
accretions is established the economic significance of this break and boundary 
becomes more noticeable. The relationships of some particular ores to 
certain geological formations and the association of these with the basal 
Proterozoic is seen to be repeated in widely separated parts of the world. 
Ore deposits associated with the Archean-Proterozoic boundary (using the 


terms in the more restricted sense as discussed earlier) may be grouped in 
two classes: 


(a) Those deposits directly related (as far as is known) to the actual 
deposition of early Proterozoic sediments or volcanics on the Archean nuclei. 
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(b) Those deposits having a spatial relationship to the boundaries of 
Archean nuclei and Proterozoic orogenic fronts but no proved genetic rela- 
tionship 


This is, of course, too big a subject to discuss here in any detail. It is 
proposed to review briefly the main Archean nucleus of North America (the 
Keewatin Province), its marginal Proterozoic accretions and its associated 
economic mineral deposits, and then to compare a few rather random similar 
relationships from other continents observed in the course of professional 


work over the past few years 


THE KEEWATIN OR SUPERIOR NUCLEUS OF NORTH AMERICA 


The Keewatin nucleus of the Canadian Precambrian is probably the 
most suitable Archean nucleus to use as a model because: 


(1 Its boundaries with Proterozoic are less obscured by younger strata 
than those of other continental nuclei 

(2) Recent glaciation and the absence of tropical weathering have per- 
mitted more detailed geological study than other nucleus areas. 

(3) It is not complicated by being “crowded” by other continental nuclei. 

The Keewatin nucleus itself (Fig. 1) occupies an area of some 700,000 
square miles in the shape of a blunt crescent, extending from N.E. Quebec 
to Lake Winnipeg. Here its western margin is covered by Paleozoic and 
later sediments, but Gastil (6), in a recent paper read at the International 
Geological Congress last August, suggests that it extends, under covering 
of younger strata, almost to the western edge of the continent. It has the 
typical features of a continental nucleus and the most typical mineralization, 
that almost certainly pre-dates later Proterozoic disturbances, is that of gold. 
Quite a large number of age determinations have been carried out, the 
most recent being potassium-argon measurements on biotite, published by 
the Geological Survey of Canada (9 These give rather consistent results 
grouped about the 2,500 m.y. mark confirming earlier determinations by 
other methods. The marginal Proterozoic varies in age and character and 
is best seen on the accompanying plan. It may be seen that (based on the 
age of the biotites) the age of folding and metamorphism of the Proterozoic 
is between 1,600 and 1,900 m.y. on the extreme north and east margins. 
Gastil, Blais, Knowles & Bergeron (7) claim there were two successive 
orogenies in east Labrador. On the southeast margin the Grenville folding 
appears to be in the 800—-1,100 m.y. range with sporadic older determinations 
probably representing relicts of older orogenies. The Proterozoic sediments 
of the Blind River area on the north shore of Lake Huron are probably not 
younger than 1,800 m.y. and the folding and intrusion that affected these 
rocks just to the south is probably about 1,200 m.y 

In Michigan, Wisconsin and Minnesota the dating of the first orogeny 
affecting sediments in the Animikie Series, and marking the end of the 
Animikie, is 1,700 m.y. according to Goldich, Baadsgaard and Nier (11). 


The boundary of the Keewatin nucleus is covered by Paleozoic in western 
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Manitoba but in the northwest of the province this boundary appears to be 
formed by a northeasterly trending fault-zone separating the Keewatin 
province from a strongly folded and metamorphosed province that has been 
dated at 1,690-1,780 m.y. The marginal portion of the Keewatin nucleus 


here shows “mixed” ages characteristic of such areas close to younger 


orogenies that have resulted in partial or complete recrystallization. 

From York Factory on the Hudson Bay shore the boundary of the Kee- 
watin nucleus curves southeast, east, northeast and then north, approximating 
the shores of the Bay. The bordering Proterozoic, exposed mainly on islands, 
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is gently to moderately folded and faulted with predominant dips away from 
the nucleus. No age determinations, so far as I know, have been carried 
out on the Hudson Bay Proterozoic. 

The prevalence of iron formation near the base of the Proterozoic in 
North America has, of course, been noted for many years. It is only rela- 
tively recently, however, that its extent and continuity has been demon- 
strated, for example, along the greater part of 1,500 miles length along the 
houndaries of the eastern part of the Keewatin nucleus (Fig. 2). From 
Schefferville, the only area in the Quebec-Labrador belt where direct-shipping 
ore has been proved to have been spared by erosion and Pleistocene glaciation, 
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the iron formation and the same general stratigraphic succession can be 
traced north for about 500 miles and then round a right angle bend into the 
Cape Smith belt, although poorly developed here. Iron formation of the 
same type is also found in the west-dipping sediments on the islands bordering 
the east shore of Hudson Bay. 

Tracing the iron formation south from Schefferville it crosses the Gren- 
ville mountain front, beyond which it shows a higher degree of folding and 
metamorphism resulting from being involved in a second and later orogeny, 
and has been traced (as shown well in a recent paper by Gastil, Blais, Knowles 
and Bergeron (7)) beyond Wabash Lake where concentrating ore is now 
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under commercial development. Southwest along the Grenville Front there 
is less sign of iron formation (perhaps partly due to being torn apart by 
folding and faulting) but at Lake Mistassini, in one of the few “aprons” of 


relatively undisturbed Proterozoic in this area, some iron formation does occur. 
There is no development of iron formation in the Lower Proterozoic along 
the north shore of Lake Huron 

Jumping over to the great iron fields of Mesabi we see the iron forma- 
tion, enrichments in which formed the huge deposits of direct-shipping ore, 
lying near the base of the Animikie ( Proterozoic) sediments where they rest 
against the flank of the same Keewatin nucleus. The Wisconsin and Michi- 
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gan iron fields, although complicated by two or more orogenies, appear to 
have the same original relationship to the Archean basement. Whether the 
iron deposits at Steeprock, Ontario, should be regarded as an “outlier” of 
Proterozoic or an enrichment in an older Keewatin iron formation is a matter 
on which opinions differ. 

Thus, a large proportion of the Proterozoic boundary with the Keewatin 
nucleus, where it has not been drastically affected by orogenies, shows iron 
formation, in a rather characteristic stratigraphic assemblage, which provides 
over 75 percent of all the iron ore, including concentrates, currently produced 
on the North American continent. 

The other economic deposit apparently bearing a direct relationship to the 
Archean-Proterozoic boundary is that of uranium in quartz-pebble conglom- 
erates. At Elliot Lake (Blind River) on the north shore of Lake Huron, 
which in 1959 produced 11,400 tons of U,O, or 75 percent of the total 
Canadian production, these conglomerates occur close to the base of the 
Proterozoic in what appear to have been channels of broad rivers or estuaries. 
I will not raise here the controversial subject of the origin of the uranium 
but at this time merely wish to point out that conditions suitable for the 
formation of such deposits, in North America as well as in some other parts 
of the world mentioned later, seem to have existed in early Proterozoic time. 
Age determinations on the uraninite crystals away from the influence of later 
orogenies gave dates of about 1,700 m.y. (16) as compared with about 2,500 
m.y. for definite detrital minerals such as zircon and monazite. It may be 
noted, incidentally, that iron formation and uraniferous conglomerate appear 
to be mutually exclusive here and in other parts of the world mentioned later. 

Turning to ore deposits that, so far, can only be classed as indirectly asso- 
ciated with the Archean-Proterozoic boundary, it has been noted before by 
many authors that the more important base metal deposits of the Canadian 
Precambrian occur in the Keewatin nucleus but relatively close to its edge. 
Thus, within 100 miles of the Proterozoic boundary the following mining 
districts are found: Chibougamau and Noranda—(copper-zinc-gold), Val 
d’Or—( gold, copper and zinc), Cobalt—(silver-cobalt), and Sudbury (nickel- 
copper ). 

Going further west the Geco mine (copper-zinc) is probably within 100 
miles of the Proterozoic boundary which at this point is covered by the waters 
of Lake Superior. In Manitoba the Flin Flon copper-zinc-gold, the old 
Sherritt Gordon copper-zinc and the nickel deposits now being developed 
at Thompson Lake by the International Nickel Company all lie within 100 
miles of the northwest boundary of the nucleus but here lie on the outer 
(younger) side of this boundary. 

Can this grouping of important deposits in relation to the Archean-Pro- 
terozoic boundary be fortuitous? The relationship may lie more directly 
with the major faulting and granitization at the mountain fronts of Protero 
zoic orogenies where sufficient heat was generated and solutions circulated 
to permit redistribution and concentration of metals already present in more 
disseminated form, or where metalliferous solutions were tapped from depth 
—depending on which side of the ore genesis argument is favored. 
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In this brief summary we see, in the boundary between the Keewatin 
nucleus and the surrounding younger Precambrian tectonic provinces, a pat- 
tern and history with which certain types of ore deposits are closely related 
and others appear, on circumstantial evidence, to have some indirect connec- 
tion. If the relationship, at least with the iron (and related manganese ) 
and with the uranium deposits of a certain type, is really characteristic we 
should be able to find the picture repeated in other continents. The following 
random examples are selected more on the basis of personal observations 
than on relative economic importance 


AFRICA 


The African continent shows a much more complicated Precambrian con- 
tinental structure than the Canadian “Shield,” although recent work has begun 
to show a clearer pattern. The recent Provisional Structural Map of Africa, 
produced by Furon and Daumain (5) under the sponsorship of the Inter- 
national Geological Congress, shows at least six separate nuclei and it is 
possible that the largest (stretching over a large part of the Sahara) will, 
when mapped more accurately, be found to be sub-divided into several nuclei 
Some of the nuclei on the map have been shown in two geological or time 
divisions, an older one of 3,000 to 4,000 m.y. and a younger of 2,000 to 


3,000 m.y., but this division has not been accepted unanimously by geologists 


in Africa 

There is here only time to mention two places for comparison with the 
Archean-Proterozoic boundaries in North America. 

An obvious comparison is the Witwatersrand Series and its succession 
of conglomerates, uraniferous, auriferous, or both, with the uraniferous 
conglomerates of Blind River, Ontario. The Witwatersrand series extends 
over a far greater vertical range than does that containing the Blind River 
uraniferous conglomerates, but the broad relationship is the same, 1.e. like 
Blind River the Witwatersrand occurs in the lower part of a middle to 
younger Precambrian sedimentary series overlying an Archean nucleus 
here the Transvaal nucleus. The Witwatersrand Series has been dated (with 
some contradictions and anomalies) at about 2,000 m.y. (14) as compared 
with about 1,800 m.y. at Blind River, and the nucleus on which it lies at 
3,000 m.y. or more—as compared with the average of about 2,500 m.y. in 
the Keewatin nucleus 

Iron formation, although not absent, does not appear to be widely de- 
veloped on the Archean-Proterozoic boundaries in South Africa or Rhodesia 
Near the western coast of the northern half of the Continent, however, recent 
developments of several high-grade deposits, such as Fort Gouraud, Mauri- 
tania, and Bomi Hills and Nimba in Liberia, have drawn attention to the 
fact that iron formation of the same type and lithological association as the 
Proterozoic iron formations of North America, can be traced at intervals, 
broken by later covering, over a length of hundreds of miles. From my 
own observations in Mauritania the iron formation appears to lie very close 
to the base of a series of younger Precambrian sediments resting on an eroded 
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nucleus of more ancient rocks but involved in an orogeny that produced a 
younger gneiss. I would suggest that when more geological work, including 
dating, has been carried out in this part of Africa, and perhaps also in Gabon 
and Angola, a picture will emerge showing the same sort of continuity as 
the iron formation on the Archean-Proterozoic boundary in the eastern part 
of the Keewatin nucleus of North America. 


INDIA 


The Indian peninsula has a rather complex Precambrian structural pat 
tern that has been described by Holmes (13) and Krishnan (15) and on 
which some age determinations are available. There is one quite definite 
ancient nucleus centered on Mysore, with its famous gold deposits, on which 
radioactive dating from pegmatites and galenas gives an age of about 2,400 
m.y. to the last orogeny. The outer boundaries of this nucleus, covered in 
part by the Deccan traps, have only been established clearly in some parts 
but it appears to be roughly triangular within the triangle of the present 
subcontinent shores, bounded by the Eastern Ghats on the east and the 
Satpura tectonic province on the north, and, less distinctly, by the Upper 
Dharwars on the west 

The well-known iron (and related manganese) deposits of the Singhbhoum 
area lie within the Satpura province. This province has been subjected to 
two or more orogenies the last of which probably corresponds to the dating in 
this area of 880—-1,050 m.y. Thrust-faulting has made difficult the unravelling 
of the succession but Krishnan (15), in his latest paper delivered at the 1960 
International Geological Congress, places the Iron Series in an age group 
corresponding to the Upper Dharwars. Not having visited more than a 
very minor part of the area concerned, I would hesitate to do more than (a 
point to the remarkable similarity in lithology and succession of the Singh- 
bhoum iron ranges to the Proterozoic iron formations in North and South 
America and northwestern Africa, and (b) suggest that the iron and man- 
ganese sediments of Singhbhoum (and west into central India), the man- 
ganiferous sediments of the Eastern Ghats and perhaps even the ferruginous 
quartzites of the Upper Dharwar series could have been deposited at about 
the same period on the margins of the Mysore nucleus and have been in- 


volved in separate and successive orogenies in very much the same way as 
the iron formations in the lower part of the Proterozoic bounding the eastern 
part of the Keewatin nucleus of North America. 


In Rajasthan, in northwestern India, there may be a second ancient nucleus 
lying southwest of Delhi, its eastern boundary being covered by later sedi 
mentary or volcanic layers while its western limit is formed by the orogenies 
involving the Aravalli and Delhi systems, as mapped and described by Heron 
(12) \ visit to this area two years ago impressed me with the similarity in 
structure and lithology to the margin of the Keewatin nucleus along the 
north shore of Lake Huron. Here, in the vicinity of Udaipur, there is little 
sign of iron and manganese sediments but near the base of the Aravalli 
and Delhi systems (often differentiated with difficulty) quartzites occur con- 
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taining radioactive conglomerates. While not, so far, shown to contain com- 
mercial quantities of uranium these conglomerate beds have a resemblance 
to the marginal portions of the uraniferous conglomerates of Blind River that 
could not escape anyone who has seen both. The whole pattern of the 
contact area between the folded sediments to the west and the peneplaned 
gneiss basement to the east so much resembles the southern margin of the 
Keewatin nucleus that it is hard to avoid the conclusion that both have had 
a similar history. Age determinations are available only from pegmatites 
related to the last orogeny (about 750 m.y.) and until datings are available 
from the basement gneiss to the east and the overlapping quartzites where 
they are not affected by late orogenies, one can only draw provisional con- 
clusions. 

It is, perhaps, more than coincidental that India’s foremost copper pro- 
ducer lies near Ghatsila in a belt of copper mineralization (with some uranium 
but not the quartz-pebble conglomerate type) not far north of the Singhbhoum 
iron ranges and that the only lead-zine producer, the Zawar Mine, is within 
a few miles of the Archean-Proterozoic boundary referred to in Rajasthan. 


SOUTH AMERICA 


From evidence to date there appear to be at least two ancient Precambrian 
nuclei corresponding to those discussed in other continents. One extends 
from the Guiana Highlands, in central and southern Venezuela, into east- 
central Brazil, broken by the depression of the Amazon valley. This has 
the characteristics in structure and mineralization of a nucleus area of over 
2,000 m.y. age and has been so dated in a few places. A second area that 
may be of similar age lies in the interior of Brazil, according to the new 
Geological Map of Brazil almost ready for printing. 

The coastal area of Brazil consists largely of gneisses having a northeast 
trend and prevailing dips to the southeast. It is probable that several 
successive orogenies will eventually be distinguished, in fact a recent age 
determination indicated that the outermost (and presumably latest) orogeny 
occurred in Cambrian times. Lying between these gneisses, representing 
accretions by sedimentation followed by folding from forces directed towards 
the continent, and the Archean nucleus, is the Minas Gerais basin of Pro- 
terozoic sediments (covered in the center by Palaeozoic strata) and the 
narrower belts that extend out from it. The important iron deposits of 
the “Iron Quadrilateral” lie on the southeast side of this basin. The same 
characteristic structures and lithological relationships, i.e. gneisses both older 
and younger than the series containing the iron formation, are found here 
as in West African, Indian, and North American examples. Some areas of 
gneiss have been dated at 2,500 m.y. (18), suggesting that the Iron Series 
lies on or at the edge of a continental nucleus. In a broad sense, therefore, 
we have a pattern not unlike that of the Labrador Trough where the sedi- 
ments containing the iron formation rest unconformably on the Archean 
nucleus to the west, while to the east they are folded and metamorphosed to 
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gneisses distinguishable from those of the nucleus only by radioactive age 
determinations. 

At Jacobina, 600 miles northeast of Belo Horizonte, the center of iron 
mining activity, but still on the same flank of the Minas Gerais Basin, quartz 
pebble conglomerates are found containing gold and small amounts of uranium. 
These lie in quartzites near the base of the Jacobina Series (Proterozoic) 
which, according to Bateman (2), “rest unconformably on the Archean base- 
ment along the west side of the belt while the eastern front of the range is 
assumed to be terminated by faulting.” Comparisons with Blind River and 
with Witwatersrand have been drawn on mineralogical and _ stratigraphic 
aspects and it is interesting to note that, as in Blind River, the congiomerates 
occur near the base of the Proterozoic overlying the Archean basement in a 
similar stratigraphic position to the Proterozoic iron formation but in an 
area where iron formation is not well developed. As far as I am aware 
radioactive datings are not yet available from this area but when they are it 
will be interesting to see how closely they can be correlated with the Iron 
Series farther southwest on the same belt and with gold- and uranium-bearing 
conglomerates in other parts of the world. 


CONCLUSION 


To conclude, then, it is my belief that radioactive dating, following the 
increased accuracy and extent of determinations, is an important complement 
to structural mapping not only in the elucidation of Precambrian structure 
and history but also in the study of the distribution of certain mineral deposits. 


Proterozoic iron formation and uraniferous conglomerates have been noted 
as examples of such deposits that appear to have a direct relationship to 
Archean-Proterozoic boundaries. Various other deposits, particularly of 
base metals, appear to have a spatial, but less direct, relationship to such 
boundaries. 

By reason of unusually good rock exposures, relatively little disturbance 
since Precambrian times and a rather concentrated study over the past few 
years, the Keewatin nucleus of North America and its adjoining tectonic 
provinces may be the best model to use in the study of similar, but perhaps 
more complex, Precambrian areas in other parts of the world. The examples 
quoted give some indication that similar relationships between economic de- 
posits and Archean-Proterozoic boundaries occur on other continents. 

Large areas of Precambrian in Africa, India and South America, the 
geological details often clouded by tropical weathering and vegetation, await 
a comprehensive study to correlate the isolated parts that have already been 
mapped in some detail. In Africa such areas of Precambrian extend over 
the political boundaries of newly independent nations, which are anxious to 
develop their natural resources as quickly and efficiently as possible. One 
of the more useful contributions that could be made by geologists familiar 
with the Precambrian of the North American continent would be the appli- 
cation to such parts of Africa, and other continents, of the emerging knowl- 
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edge and patterns of certain ore deposits associated with the boundaries of 
the Keewatin nucleus 


This knowledge and experience should | 
than a national scale and 


age determinations 


applied on a continental rather 


should be co-ordinated with an extensive use of 
The medium for such co-operation might, at least in 
the earlier stages, be one of the technical aid programs under the United 
Nations Organization. 


This Society, drawing its membership from some 46 countries across 
the globe, could play an important part in instigating and supporting such 
international co-operation on problems of geology and the distribution of 
mineral deposits. Whereas some of the activities and interests of this Society 
overlap those of branches of other organizations on the North American 
continent the role of sponsoring the exchange of ideas on the distribution 
and origin of ore deposits on an international basis is particularly one for us— 
and one that no other Society is really fitted to carry out. 

For this reason I feel that we should do all we can to broaden and in- 
crease our membership, particularly outside North America. Many of you 
meet visiting geologists from abroad who are outstanding in the economic 
field but not yet members of the Society. 
to achieve the goal of inclusion in the Society 
in the economic field, 


I 


I hope you will do all you can 


of all the outstanding geologists 
wherever they come from. 


Only in this way can the Society truly maintain its status as an inter- 


national organization and one that can be looked up to as the main medium 
for international co-operation in this field of science. 


The benefits of such 
international co-operation go far beyond even the scientific and economic goals. 
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ABSTRACT 


The thermodynamic relations between partial pressures and molecular 
or ionic activities of aqueous solutions containing sulfur are presented 
graphically as functions of the five variables: T, P, pH, Po,, and (2S) 
(the total activity of aqueous sulfur species). These diagrams provide 
a quantitative basis for correlation of the composition of aqueous solu- 
tions to the fields of stability of minerals up to 250° C. The correlation 
is based on the principle that at equilibrium, partial pressures fixed 
at any one temperature by a univariant assemblage of minerals in an 
anhydrous system are not affected by the addition of H.O if the assemblage 
is unchanged. 

The application of this principle to the anhydrous Fe-S-O system 
demonstrates that up to 250° C the common assemblage pyrite, pyr- 
rhotite, and magnetite may be deposited at equilibrium only by alkaline 
ore solutions. This assemblage has been deposited in nature and is stable 
in the dry system over a temperature range from 675° to below 250° C. 


' Present address: College of Mineral Industries, Pennsylvania State University, University 
Park, Pennsylvania 
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[he association of sphalerite with pyrrhotite, pyrite, digenite, 
covellite, and barite, but not with free sulfur, limits thermodynamically 
the aqueous conditions during deposition. At 250° C this ore solution 
must be neutral to weakly alkaline with HS~ as the predominant sulfur- 
containing aqueous ion; Pg, is usually between 107*-° and 10-7 atm. and 
Po, between 10°** and 10- atm. Therefore, the solubility of sphalerite 
must be sufficient to account for the transport required for ore forma- 
tion at 250° C under the conditions where pH = 7.5, Po, = 10™ and 
(2S) = 1.0 m. 


INTRODUCTION 


A NUMBER of recent papers (9, 10, 26, 29, 38, 39, 41, 51) have used thermo- 
dynamic methods to delineate some requirements on chemical relations 
between the solids, liquids, and gases involved in the formation of various 
types of ore deposits. However, the quantitative interdependence of the 
stabilities of various minerals and the compositions of fluids have been 
demonstrated over only a narrow range of conditions and generally only 
near 25° C and 1 atm. Furthermore, the few papers making quantitative 
correlations have not explicitly indicated the reliability of the results in 
terms of reproducibility or estimated errors. 

The objective of this paper is to provide a comprehensive review of the 
thermodynamic requirements on the chemistry of the formation of low- 
temperature ore deposits, both as a broad basis for the interpretation of field 
data and as a guide to geologically significant experimental investigations. 

The thermodynamic relations are shown graphically to simplify the 
simultaneous evaluation of several interrelated chemical reactions in any 
specific environment. This graphical approach provides a straightforward 
basis for correlation of the aqueous chemistry of sulfur with mineral sta- 
bilities up to 250° C. The correlation between the composition of aqueous 
solutions and mineral stabilities requires a thermodynamic variable appli- 
cable to both anhydrous and hydrous systems. Partial pressures of the 
various molecular species act as this common variable. 

In anhydrous systems the pressure-temperature fields of stabilities of 
minerals and mineral assemblages (such as that involving Fe-S-O) can be 
determined by routine laboratory techniques and extrapolated to lower 
temperature where necessary. Phase equilibria derived in this manner 
provide the fundamental background needed for measuring the composition 
and the pressure of the vapor over stable assemblages. The partial pres- 
sures determined over anhydrous systems are unchanged in the presence of 
water or other components provided each of the minerals stable in the 
anhydrous assemblage remains stable and their compositions are unchanged. 
In other words, the minerals effectively buffer the partial pressures. These 
measured partial pressures and the corresponding mineral stabilities can 
then be correlated (isothermally) directly with the calculated, or measured, 
partial pressures over the aqueous solution. 

These principles are demonstrated by deriving definite limits to the com- 
position of an ore solution capable of depositing at equilibrium minerals 
in the system Fe-S-O. Apparently, data are necessary for both the phase 
relations and the vapor pressures i: order to apply this approach to geo- 
logically significant systems. Unfortunately, few measurements have been 
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published of vapor pressures under controlled conditions of sufficient 
accuracy for this application. Other types of experimental data based on 
conductivity, calorimetry, E.M.F. measurements, and so forth, may also 
be used to calculate partial pressures of mineral assemblages if, again, the 
data are of sufficient reliability. 

The chemical conventions that have been adopted in this paper are 
enumerated below to prevent confusion arising from the considerable varia- 
tions in usage in the geologic literature. The more common term pressure 
will be used instead of fugacity to describe the thermodynamic state of a 
gas because the difference between the two quantities is well within the error 
of calculation throughout the range of conditions to be considered. Activity, 
i.e. thermodynamic concentration, must be used in describing these solutions 
because they deviate appreciably from ideality; the difference between 
concentration and activity may be greater than an order of magnitude under 
some of the conditions to be discussed. For example, at very high alkalinity 
or acidity, or in the presence of high concentration of a salt, as in many 
fluid inclusions (3), solutions are markedly non-ideal. In most cases, and 
probably also during ore transport, concentration is generally between 0.2 
and 100 times the activity (57, p. 354). 

The following symbols are used : 

T temperature, in degrees Kelvin (° K) 

T temperature, in degrees Centigrade (° C) 

pressure, in atmospheres 

Pr total pressure on the system 

P, partial pressure of the molecular species, x 

m molality, a concentration, in moles per 1,000 grams of solvent 

(x) activity (thermodynamic concentration) of any ionic or molecular species, 
x, in molality 

(2S)! sum of the activities of all sulfur-containing ions or molecules in solution 
formed by combinations of sulfur with hydrogen and oxygen (exclusive 
of complexes with the metals) 

pH —log (H*) 

E oxidation potential, in volts? 

eH —E 

AF change in free energy, in kilocalories per mole?* 

AH _ change in heat content (enthalpy), in kilocalories per mole? 

S entropy, in calories per mole ° K? 

K equilibrium constant 


The oxidation state of a solution is commonly described by the term eH, which, 
Ss 


at 25° C, is related to both Po, and pH as follows: 


2H,O = 4H* + O2(g) + 4e Ee = —1.229 at 25° C (57, p. 39) (1) 


0.0591¢€ 
_— * ’ log [(H*)* X Po,] 


0.05916 


4 log [(H*)*4 X Po, | 

' Through a printers error the “‘S”’ used in this symbol has been italicized throughout this 
paper; it is the symbol for sulfur and should be roman. 

? The superscript (°) is used when all the substances involved in the reaction are in their 
standard states (49, p. 282). The subscript (,) similarly is used when the reaction is the formation 
of a substance from its elements in their standard states. 
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substituting 
eH = 1.229 + 0.01479[| —4( pH) + log Po |. 4 


Evidently e// is a dependent variable of Po, and pH; consequently, plots of eH 
against pH (29, for example) are skewed relative to the more orthogonal plots of 
Po, versus pH. At temperatures above 25° C, Po, is a useful variable both 
experimentally and thermodynamically and is also meaningful in many anhydrous 
systems; therefore, Po, is the variable adopted to describe the state of oxidation 
in this paper. 


AQUEOUS IONIC AND MOLECULAR SPECIES 


The chemical character of any aqueous phase present during ore deposi- 
tion varies with temperature, pressure, and bulk composition. However, 
bulk composition (or the concentration and activity coefficients of aqueous 
species, 9) is not a useful variable for describing the solvating qualities of a 
solution because, even when known, it is often insufficient information, by 
itself, to predict the solvent behavior of a complex, multicomponent aqueous 


solution (9). Furthermore, the bulk compositions of ore solutions are 
unknown and they also involve more than four components: HO, CO», 
H.S, metallic sulfides, and so forth. Therefore, considering these com- 
ponents independently is impractical but the solvating properties can be 
considered in terms of three variables, which also offer a useful basis both 
for the prediction of the distribution of aqueous species and for correlation 
with anhydrous systems. For sulfur-containing aqueous solutions these 
variables are (1) acidity, (2) oxidation state, (3) degree of saturation in 
aqueous sulfur species; in addition to the intensive variables (4) total 
pressure, (5) temperature. 

The effect of Pr is of minor importance on ionic equilibria up to at least 
1,000 atm. (36, p. 403 and 649; 67). By assuming that P7 is not less than 
the sum of the partial pressures under consideration at each temperature, 
this variable may be neglected. Consequently, the number of independent 
variables are reduced to four: 7, (2S), Po, and pH. Of these four variables, 
T and (2S) affect the aqueous equilibria in a relatively simple manner 
compared to Po, and pH. Therefore, an understanding of the effect of each 
variable can be achieved with least difficulty by plotting the distribution of 
species first as functions of the involved variables Po, and pH at fixed values 
of (2S) and 7. The effect of (2S) and T can then be generalized by a series 
of plots at various values of (2S) and 7, thereby limiting interpolations to 
the less complex variables. The quantitative consideration of the four 
variables requires first the calculation of equilibrium constants for reactions 
written in terms of Oo(g) and H* at selected values of JT (25°, 100°, and 
250° C). 


Calculations of Equilibrium Constants 


The calculations are based on the thermodynamic values given in 
Table 1. The estimated error shown in this table is taken directly from 
recent compilations, or, in a few cases, is estimated on the basis of the 
spread of recent values obtained using reliable techniques. In either case, 
the source of the information is given under the references in Table 1. The 
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uncertainty given is primarily an evaluation of the range within which the 
true value must almost certainly lie. In the few instances not covered in 
recent reviews, the error is assigned on the basis of the difference between 
the preferred value and the most aberrant value which was derived using a 
reliable method. The large uncertainty given for the thermodynamic 
values for the polysulfide ions S.~, Ss", Sy", and S;> reflects the very few 


LULATE EQUILIBRIUM CONSTANTS 


26° 
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*The state of each ion or molecule is in aqueous solution except where 
indicated as solid, liquid, or gas by (s), (i), or (g), respectively. 


values determined for these species. No values were found for the ions 
HS.", HS;~, HS,~, HS;", and several other minor species. However, only 
for the polysulfides is the lack of data of importance for considerations of ore 
transport, and here more experimental data are certainly required. Treat- 
ment of the errors will be considered further in examples of the calculations. 

Equilibrium constants can be readily calculated from the thermodynamic 
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values at 25° C by calculating the free energy increment between the 
reactants and products and inserting this value in the equation 


AF*e = —RTINA (5) 
(R 1.987 & 10-* kcal/mole °K) 
AFe = —1.364 log K. (6) 


For higher temperatures, the van’t Hoff equation can be used assuming 
that AH for the reaction is constant over the temperature interval between 
25° C and the required temperature (but without implying or requiring 











Fic. 1. Comparison of equilibrium constants determined experimentally with 
those calculated using the van't Hoff equation. Data for the respective experi- 
mental curves are from the following sources: A. (90); B. (21, 48, 66, 91); 
C. (33); D. (8, 80, 89). 


ideality). This assumption introduces a negligible error in reactions in- 
volving only the solids (Fig. 13 and refs. 69, 70) and gases (24) considered 
in this paper to temperatures considerably above 250° C. However, AH 
generally does vary appreciably with temperature for reactions involving 
aqueous ions or molecules. There are very few data available on aqueous 
species of sulfur at temperatures of 100° C or above that can be used to 
evaluate the assumptions of constant A/7._ Figure 1 compares experimental 
and calculated equilibrium constants for three reactions where data are 
available. If the experimental data are assumed to be correct, then this 
error in the calculations, based on a constant AH, varies with temperature. 
At 100° C, this error is roughly equivalent to the spread in the data at 25° C. 
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At 250° C, this assumption is the principal source of uncertainty and its 
magnitude will be examined later when quantitatively considering equi- 
libria at this temperature. Although this source of error is more important 


at the higher temperatures, even here it does not seriously alter the validity 
of the equilibrium diagrams. Because it is not possible to evaluate nu- 
merically the error generated by this assumption, the errors quoted reflect 
only the uncertainty in the primary data near 25° C. 

The van’t Hoff equation 


d(inK) AH 
dT RT 
upon integration and substitution for R and T reduces to 
log K jo log Kose + 0.150AH (8) 
log K» log Kose + 0.3144H. (9) 


The increment in enthalpy between the reactants and products, for the 
balanced equation representing a reaction, can be inserted in equations 8 and 
9 to give the required equilibrium constant at 100° and 250° C. 

The errors assigned to the thermodynamic values (Table 1) must, of 
course, be carried through eac h of these calculations also. The errors are 
cumulative additively in every case because they indicate the range within 
which the true value may actually occur. 

The equilibrium between thiosulfate ion, S2O;-, and sulfate ion, SO, 
provides an example of the calculations of the equilibrium constants and the 
errors: 

S.0;- + 20.(¢) + HO = 2S0,- + 2H* 
K = aia, Wat 
(S2O3 )(Po,)” 
= — [(—124.0 + 2) + 2(0) + (—56.69 + 0.02) ] 
+ [2(—177.34 + 1) + 2(0)] (12) 


+ 4.02) kcal/mole (13) 


2(0) + (—68.317 + 0.02) ] 
+ [2(—216.90 + 0.5) + 2(0)] 


AHe = — (211.48 + 3.02) kcal/mole 
Substituting eq. 13 into eq. 6 
173.99 + 4.02) = —1.364 log K; 
log Kase = (127.5 + 2.9). 17) 


The equilibrium constant at 100° C is found by combining the values for 
AH and K2» from eq. 15 and 17 with eq. 8: 


log Kyooe = (127.5 + 2.9) + 0.150(— 211.48 + 3.02) (18) 


log Kiooe = (95.8 + 3.4) (19) 
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and with eq. 9 at 250 


log K 27.5 + 3.02 (20) 


log Ke = + 3.8). (21) 


Graphical presentation of the aqueous equilibria as functions of Po, and 


pH requires that balanced equations be written for the reactions between 
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f pressures in atmospheres and 


each of the ionic and molecular species in terms of O2., H*, and H.O. Reac- 
tions involving only changes in oxidation state, such as the equilibrium 
between S= and SO,", are functions of Po,. Reactions where only ionization 
takes place are functions of pH. The example given in eq. 10 for the equi- 
librium between S.O,7 and SO;= includes both oxidation and ionization and 
varies both with Po, and pH. 

A compilation of the required equilibrium constants together with their 
uncertainty is given in Table 2. Where there are direct experimental data 
available for a particular reaction, the uncertainty can be evaluated by the 
agreement between the calculated and the experimental values; this un- 
certainty is usually considerably less than the sum of the uncertainties 
calculated from Table 1. References to experimental data for specific 
reactions are given in Table 1 under one or both of the sulfur-containing 
species involved. 
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Derivation and Interpretation of Po,-pH Diagrams 


The first diagram is calculated for conditions at 25° C and an inter- 
mediate activity of (2S) 0.1 m using the method described by Garrels 
and Naeser (29) and the data in Table 2. The boundaries between areas 
of predominance occur where the activity of one of the predominant species 
is 1/2(2S). For example, reaction 1 of Table 2 indicates that at pH = 7, 
(HS~) is equal to (H.S); therefore, (H.S) is the predominant species below 
pH 7 and (HS~) is predominant at pH > 7. Both (HS~) and (H.S) must 
be 0.05 m at pH 7 if they are equal in activity and (2S) = 0.1 m (Fig. 2). 
This equilibrium involves only ionization and is independent of Po,. 

The equilibrium constant for reaction 11 in Table 2 fixes the upper limit 
of Po, where (H.S) is predominant. At Po, = 10~7°, (H2S) = 0.05 m and 
solid sulfur is in equilibrium with the solution. Note that here the reaction, 
oxidation of hydrogen sulfide, is a function of only Po, and not pH (Fig. 2). 
The boundaries of various fields of predominance in Figure 2 can be readily 
calculated where the activities of each of the predominant ions are equal 
to 0.05 m, by using the above procedure and the values for the equilibrium 
constants from Table 2. The area of predominance of sulfur is bounded, 
therefore, by activities of 0.05 m for the ions or molecules in the adjacent 
fields. Figure 2 illustrates the areas of predominance calculated in this 
manner for the six species most important at 25° C. At equilibrium and 
25° C, no other species exists as a predominant ion! Common polysulfide, 
thiosulfate, and sulfite solutions as used in the laboratory are metastable 
with respect to the major species of sulfides, sulfur and sulfates. Therefore, 
metastability is not unusual in this system and often plagues experimental 
work involving sulfur and water. Valensi (84) found the metastable rela- 
tions sufficiently important to merit detailed description. 

Figure 2 is essentially a top view of a surface of activity. The boundaries 
are valleys where the activities of the major ions drop from the plateau 
values of 0.1 m to 0.05 m. Sections have been calculated through Figure 2 
at two values of Po, (Fig. 3) and four values of pH (Fig. 4) to illustrate the 
shape of this surface and the distribution of minor ions as functions of Po, 
and pH below the activity “‘surface”’ of the major ions. 


The distribution of the minor ions is of some consequence because they 
readily form complex ions with many metals. The maximum solubility 
of metals forming these complex ions would be expected at the maximum 
activity of the minor ions. Thus an investigation of the solubility of metals 
in complex ions involving thiosulfates or polysulfides at equilibrium would 
be most profitable at the proper Po, and pH for these ions to be at maximum 
activity. 


The minor species, thiosulfate, S.O;", and sulfite, SO;", in their various 
ionization states reach their maximum activities along the same boundaries 
in Figure 2. This maximum activity occurs under the boundaries between 
the major species of sulfates (HSO,- and SO,>) and either sulfur or sulfides 
(HS, HS~, and S) as in Figure 4. Although these boundaries move as a 
function both of (2S) and 7, the peak activities for these minor ions always 


occur under the same boundaries. The polysulfide ions, S.~, S;~, and S<, 
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», 3, and 4. Equilibrium relations between aqueous ions and molecules 


0.1 m and 25° C. 
(Top) Distribution of predominant aqueous species with contours 
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Fic. 3. (Bottom) Distribution of aqueous species at constant Po,,. 
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occur at maximum activity 


under the 
between HS~ and HSO, 


boundaries between H.S and S, 
or SO,-, and between S= and SO,= (Figs. 3 and 4). 
Che activity of each of these minor ions is controlled by both Po, and 
pH. Wowever, changes in Po, have a much greater effect on ionic activities 
than changes in p/7. In Figure 3, the slopes showing the rate of change of 
activity as a function of pH are very small and the total change in activity 
over the entire pH range is also small in comparison with those shown as a 


function of Po, (Fig. 4) Accurate knowledge of Po. is clearly ol more 
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Distribution of aqueous species at constant pH. 


importance than of pH when considering the activities of minor ions as a 
group under specific conditions, especially near their maximum activities. 


Partial Pressures over Po,-pH Diagrams 


The partial pressures of the gases coexisting in equilibrium with these 


solutions are fixed by the same variables that we have used in describing the 
aqueous phase. Therefore, the partial pressures can be calculated for the 


gases H.S, SOs, and S» from the equilibrium constants given in Table 2 
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Fic. 5. Distribution of Py,s (solid contours) and Pgo, (dashed contours) in 
equilibrium with the predominant aqueous species at (2S) = 0.1 m and 25° C. 


On Figure 5, Py.s and Pso, are contoured for the same conditions 
assumed for Figures 2, 3, and 4: ([S) = 0.1 m, and J = 25° C. The 
maximum partial pressure occurs over the boundaries or areas where the 
corresponding aqueous ions or molecules reach their maximum activities as 
indicated by equilibrium constants for reactions similar to SO.(g) — SO2(aq). 
The “‘ridge”’ in the contours of Pso, (Fig. 5) over the maximum activities of 
H.SO;, HSO;-, and SO;> illustrates this relationship (Figs. 3 and 4). Of 
course, Ps, is constant at any one 7 when either solid or liquid sulfur is 
present (Fig. 2). 

Oxidation state of a solution is not uniquely specified by Pso, and pH at 
each (2S) and 7, because, in the general case, there are two values of Po, 
at any fixed Pso, and pH. Ps, varies in the same manner (Figs. 2, 6, 7, 
and 8) and cannot be used, by itself, to describe the oxidation state even at 
any fixed pH, T, and (ZS). 

The area where H.S is the predominant aqueous species (Fig. 5) is also 
the area where the largest partial pressures are required to maintain any 
specific value of (ZS). At 25° C, Pu,s must equal 1 atm. if (H.S) is 0.1 m 
(Table 2, reaction 19); other areas such as the fields where sulfates pre- 
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Fic. 6. Distribution of predominant aqueous species and Ps, (in atm.) at 
2S) = 0.001 m and 25°C. Bands of uncertainty are shaded. The uncertainty 
in the position of each Ps, contour in terms of log (Po,) is: 

Field of Predominant Species H.S HS S HSO, SO, 
Uncertainty (+) 0.3 0.4 0.4 0.5 0.5 


dominate require smaller partial pressures to maintain (2S) at 0.1 m. 
It is important to note that at 25° C Py, may be a significant fraction of Pr 
and is equal to 1 atm. at Po, of 10-%-' (10-75 at 100° C, and 10-*-* at 
250° C) from the dissociation of water: 


Pu,’ X Po, 
(H,0)? 


2H.O = 2H.(g) + Ox(g) =K 


At smaller Po, values, Py, becomes correspondingly greater and it is the 
predominant partial pressure at 25° C at any Po, <10-* +. 

The partial pressure of sulfur over aqueous solutions or in equilibrium 
with sulfide minerals is made up of Ps,, Ps, (?), Ps,, and Ps, (81). How- 
ever, sulfide minerals occur commonly without sulfur, indicating that most 
natural conditions, including ore transport, are undersaturated in sulfur. 
































pH 


Fic. 7. Distribution of predominant aqueous species and Pg, (contoured in 
atm.) at ({S) = 0.1 m and 100°C 


Because Ps, is the dominant partial pressure of sulfur throughout most of 
the undersaturated region (Fig. 10 and ref. 74), Ps, is the most useful partial 
pressure of the sulfur species for describing geologic phenomena and, 
furthermore, better thermodynamic values are available for this species. 


For these reasons Ps, is contoured on Figures 2, 6, 7, and 8 in preference to 


either total sulfur pressure or the partial pressure of other species of sulfur. 

In Figure 2, the degree of undersaturation and the dominance of Ps 
over the partial pressures of other species increases with the graphical 
distance from the sulfur field. This relation will be described quantitatively 
in the second section. 


Effects of Varying Total Activity 


Figures 5 and 6 illustrate the contrast between (3.8) of 0.1 m and of 
0.001 m at 25° C. The size of the sulfur field is a direct function of the 





ONTAINING AQUEOUS SOLUTION 








pil), rr ares 























pH 


Fic. 8. Distribution of predominant aqueous species and Pg, (contoured in 
atm.) at (ZS) = 0.1 m and 250° C 


total sulfur content of the aqueous solution. The only boundaries be- 
tween predominant aqueous species which move to other values of Po, 
and pH with changing (2S) are those about the field of S(s). The positions 
of other field boundaries of predominant species, for example between H.S 
and HS~ or between HS~ and SO,-, are unchanged with variation in the 
total activity of sulfur-containing species. 

As a corollary, the contours of Ps, move in direct proportion to the size 
of the sulfur field. At any one fixed Po, and pH outside the S(s) field, Ps, 
increases proportionately with (2S). If (2S) increases by one order of 
magnitude, the contours of Ps, in the sulfide fields are displaced by two 
orders of magnitude to lower Po,. Conversely, at any one Po, in these 
fields, Ps, increases by two orders of magnitude with an order of mag- 
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nitude increase in (XS). This relationship can be used profitably to 
determine (2S) as a function of p/7 in an ore solution if 7, Ps,, and 
Po, can be fixed by the coexistence of ore minerals at equilibrium 


at any one point in a deposit. The system Fe-S-O will be used to illustrate 
the quantitative application of this technique after the effects of variations 
in temperature on the equilibrium diagrams are considered. 


Effects of Varying Temperature 


Figures 2, 7, and 8 represent equilibria at (2S) = 0.1 m and at respec- 


tively 25°, 100°, and 250° C. Before comparing these diagrams, it is 
desirable to evaluate their reliability. The calculated uncertainty, based 
on the thermodynamic values and the van’t Hoff equation, has been shown 
graphically by shaded bands in Figure 6 for 25°C. In general, these bands 
increase in width by about 10°? atm. Po, or 0.2 pH units between 25° and 
100° C, and also between 100° and 250° C (Table 2). However, Figure 1 
indicates that the uncertainty inherent in the use of the van’t Hoff equation 
is comparable to the calculated uncertainty at both 100° and 250°C. From 
comparison of the experimental and calculated curves of Figure 1 at 100°, 
the pH boundary between H.S and HS~ may be in error by 0.2 and between 
HSO,- and SO, by 0.4 pH units respectively ; Pa,s may also be in error by 
10°? atm. At 250° C the same errors may be respectively 1 pH unit, 2 pH 
units, and 10 atm. From these examples, it appears that at 100° C the 
uncertainty in the diagram from both the van’t Hoff extrapolation and the 
thermodynamic data are approximately equal but, together, do not seriously 
affect its significance. At 250° C, the uncertainty from the van’t Hoff 
extrapolation is greater than the uncertainty in the experimental data but, 
here again, the diagram is sufficiently reliable to show the relative distribution 
of species in comparison with other temperatures. 

There are significant changes in all boundaries as a function of tempera- 
ture. Figures 2, 7, and 8 indicate a progressive increase with temperature 
of the Po, required for any boundary for reactions involving oxidation. 
The boundary between H.S and S(s) at (2S) = 0.1 m, for example, moves 
from Po, of 10-7” at 25° C to 10-4 at 100° C and to 10-*° at 250°C. A 
constant Po, clearly becomes less oxidizing with increasing temperature. 
The intuitive prejudice for increasing oxidation with increasing temperature 
reflects only the rate of reaction and not a shift in equilibrium. 

Boundaries involving only ionization may move to either higher or lower 
pH with increasing temperature although the neutral point for the pH scale 
drops from 7.0 at 25° C, to 6.1 + 0.1 at 100° C, and to 5.6 + 0.1 at 250°C 
(Fig. 9). The neutral pH used as a reference point in this paper is that of 
liquid water in equilibrium with its vapor at any specified temperature. 
Figure 9 indicates that the density of the fluid and temperature are the most 
important variables controlling AK, and the pH of neutrality. Therefore, 
under geologic conditions where total pressure exceeds the vapor pressure 
of water the neutral pH is lower than that predicted from the liquid-vapor 
curve of Figure 9. Of course this effect is much greater in supercritical 
regions where the compressibility of H,O is large. The boundaries between 
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HS and HS~ and between HSO, and SO,= illustrate opposite trends in the 
extent of ionization with increasing temperature to 250° C.  H.O and pos- 
sibly H.S show similar increases in ionization with temperature to 250° C. 

Many of the effects of the four variables (2S), 7, pH, and Po, have been 
considered in the preceding discussion for aqueous solutions containing 
sulfur. The activities of ions, molecules, and the partial pressures of some 
gases have been plotted as functions of the more complex variables pH and 
Po, for a sufficient number of conditions of 7 and (3S) to demonstrate the 
effects of each of the four variables. In order to apply this chemistry to the 
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Fic. 9. The ionic activity product of water, K,, as a function of tempera- 
ture and pressure. K, = (H*)(OH~); (H*) = (OH~) at neutrality, where 
pH = —0.5 log (K.), 1 bar = 0.987 atm. (20, 25, 37, 40, 46, 47, 66, 67). 


solids and gases in the ternary, Fe-S-O, we shall first review the phase 
equilibria on which any conclusions must be based. 


THE FE-S-O SYSTEM 


Minerals of this system occur under a great variety of geological condi- 
tions, and knowledge of their stability relations is for this reason of con- 
siderable importance to students of rocks as well as to economic geologists. 

The common occurrence in many sulfide-type ore deposits of the mineral 
assemblage pyrite, pyrrhotite and magnetite (54, 79) indicates that these 
minerals are stable together over a considerable temperature range and 
implies strict limits during deposition of the partial pressures of both 
oxygen and sulfur. 

The study of the synthetic Fe-S-O system was based upon previous 
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knowledge of the subsolidus phase relations of the bounding binary systems 
Fe-S and Fe-O. The third bounding system S-O contains no condensed 
binary phase at the temperatures of interest to the present discussion. 


lhe ke-S System 


The Fe-FeS part of this system has been studied in considerable detail. 
A review of investigations prior to 1955 is given by Hansen and Anderko 
(34). Recently the more sulfur-rich parts of the system have been sys- 
tematically investigated. 

The Fe;S, mineral, smythite, intermediate in composition between 
pyrrhotite and pyrite, and which was described by Erd, Evans, and Richter 
(23) has not been synthesized by dry experimentation. Efforts to grow 
this compound at various temperatures above 80° C always resulted in a mix- 
ture of pyrrhotite and pyrite (Kullerud, unpublished research, 1°57). For 
this reason it is believed that smythite is not stable at 100° C and therefore 
can be neglected in the following discussion. 

Arnold (6) studied the influence of temperature on the composition of 
pyrrhotite when coexisting with pyrite. Kullerud and Yoder (55) deter- 
mined the upper stability curve of pyrite and presented a phase diagram 


for the FeS-S part of the system; they also reviewed the data obtained by 
and Lombard (2), Raeder (68), 
D'Or (22), Juza and Biltz (42), Rudder (77), and Rosenqvist (75), on the 


various experimental methods by Allen 


vapor pressures existing over the pyrite-pyrrhotite assemblage. The data 
of each investigator were expressed in a log P vs. 1/T plot in accordance with 
the integrated Clausius-Clapeyron equation and extrapolated to 743° ¢ 
(the invariant point where pyrite, pyrrhotite, liquid and vapor are all 
stable). 

Most investigators determined the vapor pressures over the pyrrhotite- 
pyrite assemblage at temperatures ranging from about 550° to 700°C. In 
the present discussion it is necessary to use the same data to estimate the 
vapor pressures over the pyrrhotite-pyrite assemblage at temperatures 
considerably below the lower end of the range of determined pressures. 
The inherent errors in such extended extrapolations will be evaluated in the 
following discussion. 

The pyrrhotite-pyrite vapor curves in the log P vs. 1/T plots (Fig. 7 
of ref. 55) appear linear with the exception of that obtained from the data 
by Allen and Lombard (2). This curve deviates markedly from linearity 
in the low-temperature and low-pressure region. Since very small variation 
in temperature and pressure in this region causes large changes in the slope 
of the curve, Kullerud and Yoder (55) believe that this curvature is probably 
the result of errors in measurement. For this reason the curve obtained 
from the Allen and Lombard data has not been extrapolated into the low- 
temperature and low-pressure region. 

By extrapolation of the five remaining curves into this region the curve 
derived from the Rosenqvist (75) data gives the lowest vapor pressure at 
any temperature. The curve derived from the D’Or (22) data gives the 
highest vapor pressure at any temperature, while the curves derived from 
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the data by Raeder (68), Rudder (77), and Juza and Biltz (42) center near 


7 
the middle of the zone bounded by the former two curves. It will be 


assumed in the following that the actual pressure existing over the pyr- 

rhotite-pyrite pair at any temperature below the experimentally determined 

range lies inside this zone. ‘The variation with temperature in the composi- 

tion of pyrrhotite when coexisting with pyrite implies a deviation from 

linearity (constant A//) in the log P vs. 1/T plot. However, since the 

compositional variation is small (about 1.2 atomic percent Fe) its effect on 
rABLE 3 


VAPOR PRESSURES OVER COEXISTING PYRITE AND PYRRHOTITE OBTAINED 
BY EXTRAPOLATION OF DATA DISCUSSED IN THE TEXT 


og (Prot itmospheres 


Log 


rABLE 4 


MAXIMUM AND MINIMUM PARTIAL PRESSURES OF OXYGEN IN EQUILIBRIUM 
WITH MAGNETITE AT VARIOUS TEMPERATURES 


P max is fixed by the magnetite-hematite assemblage; Pmin is fixed 
by the magnetite-iron assemblage 


in atmospheres 
Log (P 


28.882 
34.500 
42.079 
46.965 
60.191 
69.466 


AH is also small and consequently the deviation from linearity in the plot 
is small and certainly well within the limits of errors assigned to the extra- 
polated data.* Transformations in pyrrhotite, of compositions determined 
by the presence of pyrite, have been reported at about 74° and 325° C (35). 
However, the A//’s of these transformations are negligible for the purpose 
vf this extrapolation, as indicated by differential thermal analyses. 

lable 3 gives the range of pressures obtained from these five pyrrhotite- 
pyrite vapor curves at various temperatures. The average pressures given 

* Note added in proof: More recent data by Bog and Rosenqvist (1959, Trans. Faraday Sox 


v. 55, p. 1565-69) agree closely with these values, giving Ps 10-*° atm. at 500° C and 10 
t 100° ¢ 
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in Table 3 are the mean of the minimum and maximum values. The limit 
of error in each case represents the width of the zone bounded by the curves 
obtained by extrapolations of the data by D’Or (22) and Rosenqvist (75). 


The sulfur in the vapor occurs in various species, such as Ss, Se, S4, and Soe, 


in various amounts depending on the temperature and pressure and to a 
certain extent on its iron content. D'Or (22), who measured the composi- 
tion and pressure of the vapor over natural pyrite, showed that Ps, is 
essentially equal to Pr below 550° ¢ 

The P-T region of predominance of S, over other sulfur species in the gas 
phase of sulfide systems of this type can be calculated assuming ideality 


of these species. The equilibria between the gas species can be described 
as follows: 
28s ; -S, Ky Ps (Ps,)* (23) 


4 
3S: = & K, = Ps,/(Ps,)* (24) 
4S. = S, K; = Ps,/(Ps,)*. (25) 


The equilibrium constants (A, A», As) can readily be evaluated at any 
given temperature by substitution of the data for saturated vapor (13, 14). 














i 
600 800 


— or 
emperature ,~U 


Fic. 10. Pg, contoured in atmospheres (dashed lines) in the undersaturated 
region where total sulfur pressure (Pgp) of the species Se, Sy, Ss, and Sx is less than 
that over liquid or solid sulfur. Sz» is the predominant species below the curve 
where Ps, = 0.5 Psp (13, 14, 83, 88). 
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Figure 10, which illustrates the region of predominance of the S» species, 
has been calculated using the equations presented by these workers.’ 


The Fe-O System 


This system has been studied in considerable detail. A review of in- 
vestigations prior to 1955 is given by Hansen and Anderko (34). The 
compounds reported to occur in the system are wiistite (FeO), which under 
the vapor pressure of the system is stable only at temperatures above 
560° C, magnetite (FesO,), and hematite (Fe.O;). Since, in the present 
discussion, we are concerned with temperatures well below 560° C, wiistite 
will not appear as a phase. 

Darken and Gurry (17, 18) found that magnetite and hematite below 
800° C both possess very narrow fields of solid solution (<0.01 atomic 
percent) on either side of the FesO4 and Fe,O; compositions. The dissocia- 
tion pressures over the various univariant assemblages in the Fe-O system 
have been investigated by Walden (85), Schmahl (78), Darken and Gurry 
(17, 18, 19), and Richardson and Jeffes (69). Recent vapor pressure 
measurements by mass-spectrometric methods carried out by Norton (65), 
were extended to temperatures well below the breakdown point of wiistite 
at 560° C. These data permit extrapolation into the temperature region 
of interest in this discussion. 


The univariant P-7 curves of interest to us are: (1) FesO; + Fe,0, + V4 
which relates the vapor pressure over the hematite + magnetite assemblage 
to the temperature, and (2) Fe;O, + Fe + V,* which relates the vapor 


pressure over the magnetite + iron assemblage to the temperature. Norton 
(65) gives the following equation: 


24912 
logio Po, (atm.) = T + 14.400 


for the Feo.O; + Fe;O0, V univariant curve, and 


' 29260 
logio Po, (atm.) = — r + 8.980 


for the Fe,0, + Fe + V curve. The Fe.O; + Fe,0, + V curve gives at 
any temperature the maximum pressure at which Fe,;O, can exist as a stable 
phase, under these conditions. The Fe;O, + Fe + V curve gives at any 
temperature the minimum pressure at which Fe;O, can exist as a stable 

Although the vapor densities calculated in this manner are slightly in error (81), these data 
are the most complete and internally consistent presently available 
formed by using the National Bureau of Standards 1.B.M 


‘The vapor (V) both over the 
mainly of oxygen, but in 


This calculation was per- 

704 Computer 

hematite-magnetite and magnetite-iron assemblages consists 

iddition also contains a small amount of iron 

purposes, however, the parti 
Norton (65) 


For thermodynamic 
| pressure of oxygen may be considered equal to the total pressure 
on page 2 of his paper first gives this equation correctly, then on page 3 and in 


27260 


the ‘ for the coeffi- 


Summary of Constants in Equations” on page 14 gives the value of 


29260 
T 


cient of the curve rather than the correct value of 
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phase. The region between these curves, therefore, is the stability field 
of Fe;O,. The upper and lower limits of this field have been calculated at 
various temperatures in Table 4. 

The pressures derived by the equations given by Norton (65) agree 
within the limits of error with those which may be obtained by extrapolation 
of the data by Richardson and Jefles (69) and Darken and Gurry (19), and 
with the pressures which may be calculated from the thermodynamic data 
given by Kelley (45) and Coughlin (15). The limits of error in the vapor 
pressure calculations are given in Table 6. 


Vethod of Investigation 


The stable phases in the Fe-S-O system were determined by holding 
synthetic mixtures at fixed temperatures for various periods of time. ‘The 
technique employed involves the use of rigid silica tubes. The products 
were quenched and identified at room temperature by magnetic, optical, 
and X-ray determinative methods. 

Starting Materials.—Mixtures of iron, ferric oxide, and sulfur or of iron 
sulfide (FeS and/or FeS.) and ferric oxide were used in the syntheses of the 
stable phase assemblages. No catalytic agents or additional components 
were employed. 


Iron was obtained from the National Bureau of Standards, Standard Sample 
55d, open hearth iron. The analysis of this material shows it to consist of 99.84 
percent Fe (55). 

Sulfur was obtained from Dr. W. N. Tuller, Superintendent of Laboratory, 
Freeport Sulphur Co., Port Sulphur, Louisiana, and has only 0.007 percent 
impurities, essentially all of which is carbonaceous material. 

Ferric Oxide,finely powdered, was obtained from J. T. Baker Chemical Com 
pany, Phillipsburg, New Jersey The chemical analysis provided by the manu 
facturer of this material shows it to consist of 99.63 percent Fe.QO3. Che principal 
contaminants are: Cu, 0.01; SO,, 0.10; As, 0.0003; Zn, 0.01; SiO», 0.09; substance 
not precipitated by NH,OH, 0.16 in weight percent. 

FeS, homogeneous, was synthesized from iron and sulfur mixed in approxi- 
mately 5-gram batches in the atomic ratio of exactly 1:1 and held at 600° C in 
closed, evacuated silica tubes for 1 week The vapor pressure of FeS at this 
temperature is very low 3.15-10 atm. at 600° C; 62, 70); and the loss of 
sulfur and iron to the vapor, therefore, was negligible for the volume of free space 
allowed. 

FeS»s was synthesized from FeS finely ground under acetone and S mixed in the 
1:1 atomic ratio with a slight excess (<0.1 percent by weight) of sulfur, to com 
pensate for the very small loss of sulfur to the vapor, and held at 500° to 550° C 
for 1 week The disulfide obtained in this wavy has the stoichiometric FeS 


composition (55) 


Equipment.—All experiments were carried out in evacuated silica glass 
tubes in the manner described by Kullerud (52). These tubes are rigid 


and, because of the small thermal expansion of silica glass, essentially of 


fixed volume. The free space within the tubes, which commonly were 
half filled with the starting materials, was reduced by placing closely fitting 
short silica glass rods over the charge. The tubes are held in regulated 
furnaces at temperatures controlled within +2° C. The outside wall of 
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the tube was at 1 atm.; no external supporting pressure medium was em- 
ployed. The vapor pressure inside the tube was not determined. 

Quench Procedure he phases formed at elevated temperatures were 
quenched by dropping the temperature to that of the room as quickly as 
possible. The silica tubes were withdrawn from the furnace with tongs and 
plunged into water. Room temperature is reached in a few seconds; the 
pressure falls at a rate dependent on the temperature and free space in the 
tube. 

Identification of Phases.—The products obtained were identified at room 
temperature by their macroscopic physical properties, optical properties 
in reflected light, and X-ray powder diffraction patterns. ® 

Physical properties Magnetite is usually recognized by its black to 
brownish black color, and hematite is characterized by its dull to bright 
red color when occurring as a powder and its steel gray color when occurring 


in macroscopic crystals. Also the magnetic behavior of some of the phases 


is often a useful means of identification. A small hand magnet served as a 
useful tool in distinguishing magnetite, which is strongly attracted by the 
magnet from the considerably less magnetic pyrrhotite, and from the 
essentially nonmagnetic hematite and pyrite. 

Optical properties: In reflected light magnetite has a medium gray color. 
It is isotropic; the weak anomalous anisotropism sometimes occurring in 
natural magnetite was not observed in the synthetic magnetite. Hematite 
in polished sections has a grayish white color with a bluish tint. It shows 
distinct anisotropism (from grayish blue to grayish yellow) and sharp 
extinction. 

X-ray patterns: The products obtained were also identified by their 
X-ray powder diffraction patterns. The patterns for magnetite and hema- 
tite were given by Rooksby (73) and agree well with those of synthetic 
magnetite and hematite produced in the present study. 


Experimental Results 

Only the results of the experiments of interest to the present discussion 
will be considered here. 

Figure 11 shows the phase relations in the Fe-S-O system between 560° 
and about 675° C. The solid solutions in FeS, FesOs, Fe;04, and FeO have 
been neglected in this diagram. On heating to about 675° C the pyrite- 
magnetite assemblage becomes unstable and reacts to give pyrrhotite and 
hematite. The balanced equation expressing this reaction for stoichiometric 
pyrrhotite (troilite) is: 


KeSo + 3ke:O,4 2FeS + 4FesOs. (26) 


Since vapor exists as a phase under the experimental conditions outlined 
above, the five phases pyrrhotite, pyrite, magnetite, hematite, and vapor 
coexist at 675° C, fulfilling the requirements of invariancy in a three- 
component system. 


rhe properties useful for identification of pyrite, pyrrhotite, iron, and sulfur are discussed by 
Kullerud and Yoder (55) and will not be repeated here 
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Wiistite (FeO) is stable only above 560° C (17). Thus on cooling below 
this temperature the FeO-FeS join disappears and the Fe + FeS + Fe,O, 
+ vapor univariant assemblage becomes stable. 

Figure 12 shows the phase relations in the Fe-S-O system below 560° C. 
rhe phase relations shown in this diagram are of primary interest to the 
following discussion which concerns itself with temperatures below 500° C. 

It is noted that pyrite and pyrrhotite can coexist with magnetite and 
that magnetite, hematite, and pyrite form a stable assemblage. Hematite 
may be transformed into pyrite and SO, by introduction of sulfur, while 
hematite and SO, may be produced from pyrite by introduction of oxygen. 
Hematite is not stable in the presence of pyrrhotite under these conditions. 

At temperatures below 500° C, reactions involving solids such as pyr- 
rhotite, pyrite, magnetite, and hematite, become exceedingly sluggish under 
anhydrous conditions. Equilibrium in such runs was not obtained even 
after one year at 400° C. For this reason the lower stability limits of the 


; fe . a 
Fe F F J F Fe_( 
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(Left) Phase relations in the Fe-S-O system between 560° and 


Right) Phase relations in the Fe-S-O system below 560° C 


pyrrhotite, pyrite, magnetite and pyrite, magnetite, hematite assemblages 
could not be determined by the described methods. 

All phases or phase assemblages shown in Figures 11 and 12 are in 
equilibrium with vapor. Since the existence of four phases in a three- 
component system fulfills the requirements of univariancy, pyrrhotite 
+ pyrite + magnetite in equilibrium with vapor form a univariant as- 
semblage. The pressure versus temperature relations of a univariant 
assemblage can be demonstrated diagrammatically provided the vapor 
pressures are known at a sufficient number of temperatures to permit draw- 
ing of the P-7 curve. This univariant curve, in accordance with thermo- 
dynamic principles, originates and terminates in invariant points. One 
of these invariant points was found by the phase-equilibrium studies to be 
situated at about 675° C, where the five phases magnetite, hematite, pyr- 
rhotite, pyrite, and vapor all are stable together. Thus the pyrrhotite, 
pyrite, magnetite, and vapor assemblage is not stable above 675° C, and 
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the univariant curve describing its P-7 relations ends at this point. As 
mentioned earlier, the second invariant point could not be determined 
because of the sluggishness of reaction below 500° C. If it is assumed that 
the assemblage is stable down to 25° C, its P-T relations can be calculated 
from thermodynamic data for the reactions between the condensed phases 
(Tables 3, 5, and 6) and for the gas reactions (13, 14, and 24). According 
to these data, SO, and S» are the predominant gas species’ over the 25° to 
675° C temperature range and the sum of these partial pressures is essentially 
equal to the total pressure over the assemblage. Silica tubes of the dimen- 
sions used in the determinations of the Fe-S-O phase relations, will with- 
stand an internal pressure of 50 atm. at 675° C, but explode when the pres- 
sure approaches 200 atm. Since a number of tubes containing the pyr- 
rhotite-pyrite-magnetite assemblage exploded at temperatures near 675° C, 
it is believed that the pressure over the assemblage at this temperature while 
exceeding 50 is less than 200 atm. This pressure, which may be expressed 
exponentially as Prota 10?-°*°-3 atm., may be compared with the value of 
10°? atm. obtained by extrapolation from 25° C and application of the 
van't Hoff equation. It is seen from the univariant curve (Fig. 13) describ- 
ing the P-7 relations of the pyrrhotite, pyrite, magnetite, and vapor as- 
semblage, that the vapor pressure is determined by the temperature. By 
fixing the temperature, the vapor pressure and the composition (partial 
pressures) of the vapor are fixed as well. It is, furthermore, evident that 
not only the pressure and composition of the vapor, but also the Compositions 
of the condensed phases are fixed when the temperature is fixed. The only 
condensed phase which changes measurably in composition with variation 
in temperature of the assemblage is pyrrhotite. 

In the pure Fe-S system the composition of pyrrhotite when coexisting 
with pyrite under certain circumstances (5, 55) may be used as a tempera- 
ture indicator. However, pyrrhotite oxidizes rapidly in the presence of 
oxygen (Kullerud, in preparation) as evidenced by the large changes in its 
cell dimensions when exposed to air. For this reason the composition of 
pyrrhotite of the pyrrhotite, pyrite, magnetite assemblage may differ slightly 
from that of the pyrrhotite, pyrite assemblage at any given temperature. 

The literature of ore deposits indicates that pyrrhotite, pyrite, and mag- 
netite occur together in a large number of sulfide ores (Fig. 14). Schwartz 
and Ronbeck (79) tabulated 130 sulfide ore deposits all of which contain 
magnetite. Seventy-seven contain pyrrhotite and pyrite as well. At 
least 53 of these 77 deposits also contain sphalerite. The magnetite, pyr- 
rhotite, pyrite, sphalerite assemblage, therefore, appears to be of rather 
common occurrence in sulfide-type ore deposits. 

When pyrrhotite and sphalerite occur together in physical contact and 
equilibrium can be assumed, the iron content of sphalerite may be used to 
estimate the temperature of formation of the mineral assemblage (52). 
The temperatures of formation given by Kullerud (52) for sphalerite- 
pyrrhotite mix-crystals from ores which, according to Schwartz and Ronbeck 


7 Other species which also weré calculated and which occur in the vapor in minor amounts are 
O2, SO, SOs, Sa, Se, and Ss. 
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Fic. 13. The univariant P-T curve for the assemblage pyrite, pyrrhotite, 
magnetite plus vapor. This curve is the sum of the curves for the partial pressures 
Ps,, Pso, Pso, Po, Ps, and others which are also in equilibrium with the 
assemblage 


(79) and Magnussen (60), contain magnetite and pyrite as well, vary from 
645° C to about 245° C.* 

Kullerud (53) showed by experiments that the magnetite, pyrrhotite, 
pyrite and vapor assemblage is not stable above 675° C, but it was not 
possible to determine the lower limit of stability of the magnetite, pyrrhotite, 


* These temperatures are uncorrected for rock pressure, 
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pyrite, and vapor assemblage by anhydrous experimentation. However, the 
sphalerite temperatures indicate that it is stable at least down to 245° C. 
Water undoubtedly was a major component of the solutions from which 
the minerals of the Fe-S-O system were deposited. However, these minerals 
are anhydrous and for this reason the equilibrium relations are indif- 
ferent to the presence of water. Consequently the experimentally deter- 
mined equilibrium relations of the dry system are directly applicable with 
corrections for total pressure to natural occurrences of these minerals. 

Thus, when pyrrhotite, pyrite and magnetite are deposited in equilibrium 
with one another the pyrrhotite-pyrite assemblage fixes Ps, and together 
with magnetite also fixes Po, at the temperature of formation of the uni- 
variant assemblage. Small changes in the partial pressures may, in the 
impure systems occurring in nature, be caused by solid solutions of foreign 
elements in any one or all of the minerals or by large changes in the total 
pressure, Pr, on the system. 

In the following, partial pressures are employed as thermodynamic links 
between mineral assemblages of the pure, anhydrous Fe-S-O system and 
the equilibrium composition of coexisting aqueous liquids. 


CORRELATION OF THE Fe-S-O SYSTEM AND AQUEOUS EQUILIBRIA 


Experimental data describing the Fe-S-O system can be made more 
readily applicable to correlations with aqueous equilibria by first converting 
them to equilibrium constants. Equilibrium constants calculated from 
thermodynamic constants (Table 5) and directly from vapor pressures are 
given in Table 6 for reactions between minerals in this system. 


e 


Fic. 14. Textural relations (100) of the assemblage pyrite, pyrrhotite 
and magnetite in the Cayuna Sulfide Deposit, Aitkin County, Minnesota, courtesy 
of Dr. T. M. Han of the Cleveland Cliffs Iron Co. (1) magnetite (Mg), (2) 
pyrrhotite (Po), (3) pyrite (Py), (4) carbonates, (5) chert. 
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In both tables errors have been evaluated and c 
manner as for the aqueous ions in Tables 1 and 2, but with the additional 
experimental data for the equilibrium between pyrite and pyrrhotite from 
Table 3. 

The equilibrium constants in Table 6 give directly either Po,, Ps,, or the 
ratio of these partial pressures for the coexistence of each pair of minerals at 
In the diagrams illustrating the aqueous 


equilibrium at each temperature. 
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equilibria (Figs. 2, 6, 7, and 8), Po, is the ordinate and Ps, is given by the 
contours. Thus, the mineral data from Table 6 can be plotted directly on 
the aqueous diagrams to outline the fields of mineral stabilities as shown 
in Figure 15. 

The shaded zones in this figure indicate the uncertainty of location of 
the lines where each pair of minerals coexists based on the sum of the errors 
in both the aqueousdata (Table 2) and the mineral vapor pressures (Table 6). 

In comparison to other sulfide or oxide ternary systems, the vapor pres- 
sures (and thermodynamic constants) over the minerals found in the Fe-S-O 
system are well known, but the zones of uncertainty here are still large. 
Thus, diagrams correlating aqueous solutions and mineral stabilities in other 
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Fic. 15. Equilibrium relations between iron oxides, iron sulfides, and aqueous 
solutions at (2S) = 0.001 m and 25° C. Dashed lines are contours of Ps, in 
atmospheres. Heavy lines bound the areas of predominance of each ion or 
molecule. Shaded zones indicate the uncertainty in the limits to the fields of 
stabilities of the various minerals. 
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systems would be particularly misleading without a clear indication of the 
uncertainties involved since these zones of uncertainty may be sufficiently 
large to ove! lap entirely across a questionable small field ol stability as noted 
by Garrels (28, p. 195). 

Changes in the composition of each mineral with varying Po, or Ps, or 
with solid solution of other elements also has an effect on the extent of the 
stability field. As we have seen in the Fe-S-O system, only pyrrhotite 
changes composition appreciably as a function of either Po, or Ps,. Changes 
in the stability fields caused by solid solution of other elements can be as- 
sumed to be negligible over the temperature range considered in this paper 
because the extent of solid solution in ore minerals generally is small at low 
temperatures. However, pyrrhotite varies in composition with Ps, from 


FeS at the iron-pyrrhotite boundary to about FeossS (5, 32) at the pyr- 


rhotite-pyrite boundary at 25° C. The boundaries of the pyrrhotite field 
given in Figure 15 are based on the actual pyrrhotite compositions and not 
on the approximation of a fixed composition, FeS, throughout the field. 
At 25° C, the pyrrhotite-pyrite boundary differs from the FeS-pyrite ap- 
proximation by about 2.5 orders of magnitude in Ps,. This difference is 
within the uncertainty and may be neglected at this temperature ; however, 
at higher temperatures, the difference becomes progressively larger and the 
partial pressures corresponding to the actual pyrrhotite composition must 
then be considered. 

The conclusions regarding mineral associations formed from considera- 
tions of the anhydrous system, Fe-S-O, apply equally well to Figure 15 and 
the aqueous solutions in contact with these minerals. Neither iron nor 
pyrrhotite can coexist with hematite at equilibrium at 25°C. The occur- 
rence of either iron or pyrrhotite indicates strongly reducing conditions 
(relatively low Po,). Pyrite and magnetite, on the other hand, are stable 
over a Po, range extending from reducing to slightly oxidizing conditions 
and may both occur where sulfates form the predominant aqueous ions. As 
a corollary, it is evident that the coexistence of hematite with either pyrite 
or magnetite indicates mildly oxidizing conditions and a predominance of 
sulfate ions in contacting solutions. 

The acidity of aqueous solutions is also indicated by some mineral 
assemblages. Magnetite in aqueous solutions containing (2S) = 0.001 m 
or greater is stable only at high alkalinity with or without pyrite or pyr- 
rhotite. The common assemblage pyrite-pyrrhotite-magnetite can occur 
only under strongly alkaline solutions where (2S) = 0.001 m at 25° C. 
Furthermore, by changing pH at constant Po, one mineral may become 
unstable and another become stable (see Fig. 15). Of course, Ps, changes 
as a function of pH (above pH 7) although Po, is held constant, and this 
change in mineral stabilities is a consequence of the variation of Ps,. Thus, 
pyrite may be robbed of sulfur to give pyrrhotite or even iron, or at higher 
Po, the increase in pH may produce magnetite or hematite. 

The above conclusions apply specifically to equilibrium conditions at 
25° C where (2S) = 0.001 m, but these conclusions may be generalized 
readily to include other values of (2S). The lirfe of coexistence of iron and 
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magnetite or of magnetite and hematite occurs at fixed values of Po, and is 
not a function of (2S). The lines of coexistence for iron and pyrrhotite, 
and for pyrrhotite and pyrite, occur at fixed values of Ps, and lie on a Ps 
contour. In considering the effects of varying total activity, we have seen 
that increasing (2S) moves all the Ps, contours symmetrically with the 
increase in the size of the sulfur field. Specifically, an increase of an order 
of magnitude (10X) in (2S) displaces each contour of Ps, to a value of Po, 
2.0 orders of magnitude smaller where sulfide ions are predominant, and 1.4 
orders of magnitude larger where sulfate ions are predominant. For ex- 
ample, in a solution at 25°C with (2S) = 1.0 m, the pyrite-pyrrhotite 
boundary where (H.S) is predominant lies at Po, = 10~***+** in comparison 
to 10-3433 at (2S) = 0.001 m. Changing (2S) (Fig. 15) simply varies 
proportionately the size of the stability field for pyrite without changing 
the width of the pyrrhotite field or the location of the iron or hematite 
boundaries to the magnetite field. The effects of (2S), described above, 
on the aqueous conditions required for the coexistence of pairs of minerals 
provides a basis for evaluating the same effects on the coexistence of the 
three minerals pyrite, pyrrhotite, and magnetite. 

The assemblage pyrite-pyrrhotite-magnetite is found at pH 11.8 + 1.0 
(darkly shaded area) in Figure 15 at (2S) = 0.001 m and 25° C. If this 
assemblage could be formed only in strongly alkaline solutions, it would 
be of major significance in fixing mechanisms of ore transport. To investi- 
gate this possibility, we must consider the effects of varying both (2S) 
and 7. This assemblage fixes both Ps, and Po, at any fixed 7 as shown by 
the equilibrium constants for reactions 4 and 5 of Table 6; therefore, varying 
(2S) moves the point of coexistence of these three minerals laterally across 
Figure 15 at fixed Po, as the contours of Ps, move in response to (2S). 
Figure 16 shows the quantitative relation between (2S) and pH in a solution 
in equilibrium with the pyrite-pyrrhotite-magnetite assemblage at 25°, 
100°, and 250° C. 

If these three minerals are to be deposited simultaneously, then Ps, 
is fixed and Po, must lie within the stability range of magnetite ; conditions 
outside these limits would produce another assemblage. However, the 
kinetics of equilibration between Po, and Ps, requires several steps involving 
Ps,, Ps,, Ps, Ps,, Pso, Pso,, Pso,, and Po, in the vapor phase and similar 
species in the solution. Accordingly, the complicated kinetics suggest that 
if any departure from equilibrium exists during simultaneous deposition 
of the three minerals it is probably to be found between Po, and Ps,. There- 
fore any disequilibrium of this assemblage in nature is less likely to occur 
between pyrite, pyrrhotite, and Ps, or between magnetite and Po, than 
between Po, and Ps,. In this case, metastable conditions are fixed by the 
Ps, of pyrite coexisting with pyrrhotite and by the Po, at the limits of 


magnetite stability. These metastable conditions are indicated by the 


dashed curve in Figure 16 together with the solid. curve representing 
equilibrium. 

There are two distinctly different types of equilibration involved in the 
natural occurrence of this and any other assemblage. During deposition 
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even at 25° C, large deviations from equilibrium conditions between the 
precipitating solids and their solutions are uncommon and, as kinetic rates 
of this type increase exponentially with temperature, the deviations become 
rare at 100° C or above. In contrast, a deposited solid, as a whole, may 
exist in contact with a solution and be far from equilibrium without any 
measurable reaction rate (see the discussion by Garrels, 27). If there were 
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Fic. 16. Composition of an aqueous solution in contact with the assemb‘age 
pyrite, pyrrhotite, and magnetite. The solid lines represent equilibrium condi- 
tions. Long dashes indicate the limit to metastable conditions where pyrite and 
pyrrhotite are in equilibrium but are out of equilibrium with magnetite. Bound- 
aries between predominant aqueous ions or molecules are shown by lines of short 


dashes. 


not large differences in these rates, then ore textures and mineral solid 
solutions would be of little value in reconstructing the chemistry of deposi- 
tion. Fortunately, many deposited ore minerals have reacted with a 
changing ore solution only on their periphery if at all. The considerations 
of the pyrite-pyrrhotite-magnetite assemblage apply only to conditions 
during deposition. 
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Several recent papers have presented strong evidence that sulfide ore 
minerals are transported as complex ions (7, 11, 26, 50). The solubility 
of an ore mineral in complexes containing sulfide ions is either a linear or an 
exponential function of (2S) under fixed conditions. Optimum solubility 
of sulfide ore minerals must occur at high concentrations of sulfide ions which 
is equivalent to large values of (2S). Because ore transport is more prob- 
able under the favorable conditions of moderate to high values of (25S), 
we shall focus our attention first on values of (2S) of 0.1 to 10 m in inter- 
preting Figure 16. 

At 1 m (log (2S) = 0), the pH required by the equilibrium association 
of pyrite, pyrrhotite, and magnetite is 13.8 + 1 at 25°C, 11.7 + 1at 100° 
and 9.3 + 1 at 250° C. (The error remains approximately constant with 
temperature because the error in the mineral partial pressures decreases 
while the uncertainty in the aqueous partial pressures increases at about 
the same rate over the temperature interval, 25° to 250° C.) The pH at 
neutrality at each of these temperatures (Fig. 9) is 7.0, 6.1, and 5.6, respec- 
tively. These pH values are 6.8, 5.6, and 3.7 units above neutrality. Under 
metastable conditions, the pH is 11.5 + 1 at 25° C, 8.8 + 1 at 100° C, and 
5.3 + 1 at 250° C, or respectively +4.5, +2.7, inl —0.3 pH units from 
neutrality. As discussed above, large deviations from equilibrium are 
unlikely during mineral deposition at 250° C. Consequently, the equilib- 
rium values are probably the more realistic approximation of conditions 
in nature during deposition of thisassemblage. If this assumption is correct, 
then at 250° C any value of (2S) greater than 10-* m requires conditions for 
the simultaneous deposition of pyrite, pyrrhotite, and magnetite at least 


0.8 pH unit above neutrality. Higher values of (2S) require more strongly 
alkaline conditions. It is evident that this assemblage in an ore deposit 
predicates occurrence of an alkaline solution at that point in time and space 
during deposition at least to 250° C. 


GENERAL APPLICATIONS 


The aqueous thermodynamic relations, presented diagrammatically by 
Figures 2-9, may be applied to a variety of situations with a flexibility that 
has only been suggested by the preceding discussion of the Fe-S-O system. 
Widely divergent methods of employing these diagrams can be illustrated 
by consideration of sphalerite-bearing ore solutions. 

Textural relations imply that sphalerite may be deposited simultaneously 
with one or more of the following minerals: (1) barite (BaSO,), (2) pyrrho- 
tite and pyrite, (3) digenite (CugS;) and covellite (CuS). Elemental sulfur 
is rarely found in, or zoned about, hydrothermal sphalerite deposits. These 
associations when interpreted with the aid of the diagrams impose quantita- 
tive restrictions on the composition of sphalerite-depositing ore solutions 
near 250° C 

Hydrothermal solutions capable of depositing many sulfide minerals 
must be in a reduced state. Po, cannot be much greater at each pH than 
it is on the sulfide-sulfate boundaries as in Figure 17. These reduced 
solutions must be exposed to increasingly oxidizing environments as they 
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rise to the surface, whereupon Po, is fixed by the amount of oxygen in the 
atmosphere at about 10-° atm.® An ore solution reacting with increasing 
Po, oxidizes and must pass through the stability field for sulfur if conditions 
are acid (Fig. 17) and if (2S) 20.1 m. In the laboratory, even at 25° C 
sulfur precipitates very quickly when acidic sulfide solutions are oxidized. 
The rapid rate and kinetic path of reaction is such that although very 
strongly oxidizing reagents are used to convert sulfide ions to sulfates, 
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a milky precipitate is formed. Deposition of sulfur would occur when 
crossing the sulfur stability field under natural conditions. Specifically, at 
(=S) = 0.1 m the pH must be above 4.0 during oxidation to prevent the 
precipitation of sulfur; at (2S) 1.0, the limiting pH rises to about 5.5, 
whereas the pH of neutrality is 5.6 + 0.1. At present, there is only indirect 
evidence bearing on the magnitude of (2.S) but because the solubility of the 
metals in complexes increases with (2.S), values in excess of 0.1 m are more 
probable if the mechanism of ore transport is based on formation of com- 


* Rate-limiting reactions in the presence of water may make this equilibrium Po, unattainable 
in many environments in nature (28, p. 200; 57, p. 38-45). 
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plexes. In this case, the lack of sulfur in, or near, hydrothermal deposits 
suggests a neutral to alkaline ore solution. 

The close association of sphalerite and barite in many deposits indicates 
that barium was often a component in the ore solution. In solution barium 
does not readily form complex ions but occurs as a soluble ion, Bat*. This 
ion reacts to precipitate barite: 


Bat+ + SO,= = BaSOQ, (s) Kosoe = 10*7-4 (27) 


calculated from data given by Latimer (57). At 0.001 m (Bat**) barite 
precipitates when (SO,~) is 10-* m or greater; at 0.01 (Ba**) the upper 
limit of (SO,=) is 10-°*. In Figure 17 the upper limit to the oxidation state 
of an ore solution is given for an assumed value (Bat*+) = 0.001 m. The 
large amount of barite in many Mississippi Valley deposits suggests that 
this value may not be significantly less than the value assumed. By 
referring to Figure 4 we note that (SO,4") changes rapidly with Po, ; there- 
fore, wide variations in (Bat*) in the ore solution only change the barite 
limit of Figure 17 by small amounts. Decreasing (Ba**) from 0.001 m 
to 0.0001 m moves the barite limit to a value of Po, 10° greater. Increas- 
ing (ZS) from 0.1 to 1.0 m lowers the Po, for the barite limit by 10°: atm. 
This limit is relatively insensitive to both wide changes in (Bat*) and 
(2S) and may remain approximately as shown on Figure 17 at 250° C in 
an ore solution transporting both barium and zinc ions. Note that during 
transport Po, must be less than the values indicated by this limit but that 
during deposition the Po, must equal those at the limit for the proper p/7. 

Another limitation to the oxidation state of a sphalerite-depositing ore 
solution is supplied by Ps,, which is fixed by pairs of minerals deposited 
simultaneously in equilibrium with the sphalerite. Although sphalerite 
commonly occurs with pyrrhotite alone, it more commonly occurs with 
either pyrite or with both pyrite and pyrrhotite in lower temperature 
deposits. Sphalerite rarely, if ever, is found with native iron in hydro- 
thermal ore deposits. These associations fix Ps, often at or above the 
pyrite-pyrrhotite curve and probably always well above the iron-troilite 
(FeS) curve shown in Figure 17 and based on Tables 3 and 6. 

The occurrence in many ores of sphalerite with primary digenite or with 
both primary digenite and covellite, but apparently not with primary 
covellite alone,"® indicates that the Ps, during ore deposition did not exceed 
that permitting stable coexistence of covellite and digenite (Table 7). 
Values in this table are based on data from Allen and Lombard (2) and 
unpublished measurements by Kullerud. 

The range of Ps, lying between the values for the pyrite-pyrrhotite and 
covellite-digenite coexistence (Tables 3 and 7) includes the region within 
which the ore solution often occurs during deposition of sphalerite. Ps, 
may occasionally exceed these limits, but commonly lies within the outlined 
range. 


In Figure 17 the limits of pH from sulfur precipitation, on Ps, from 


Sphalerite and covellite occur together in the absence of digenite in certain localities (30) ; 
however, the covellite on such occasions always appears to be of secondary origin 
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coexisting mineral pairs, and on (SO,~) from barite precipitation outline 
the shaded area within which a sphalerite-depositing ore solution must 
commonly be located at 250° C. Changes in (2S) from the assumed value, 
0.1 m, affect the position and shape of the shaded area in a predictable 
manner. The coexistence curves move with (2S) in direct proportion to 
the shift of Ps, contours (see p. 651). The effects of (2S) on the sulfur and 
barite boundaries are evaluated above. In general, by increasing (2.S) to 
1.0 m the shaded area shrinks slightly to lower Po, (APo, = 10~*) and toa 
higher pH (>5.5). Of course, decreasing (2S) below 0.1 has the opposite 
effect. 

The value of outlining this shaded area for the conditions during sphal- 
erite deposition is, to a large extent, in providing a guide to experimental 
research, but also is an incentive for more specific descriptions of mineral 
associations and textures and their distribution within deposits. At any 
selected value of (2S), experimental data must either be obtained within 
this area or extrapolated into it to be of geological application. It would 
obviously be of no geological consequence if a high solubility of sphalerite 
were found at pH = 7, Po, = 10-”, and (2S) = 0.1 m (Fig. 17). The 
solubility must be found within the outlined environment. Furthermore, 


TABLE 7 
THE EQUILIBRIUM VAPOR PRESSURES OF COEXISTING COVELLITE AND DIGENITE 
7 °¢ P, atm, 


250 3.16 X 10% 
300 6.31 x 107-7 
400 2.00 x 107% 
500 0.871 
504 1.000 
507 (invariant point 1.148 


we can predict on the basis of the stabilities of the minerals pyrite, pyr- 
rhotite, covellite, digenite, sulfur, and barite, and it has been determined by 
experiments (Barnes, in preparation), that ZnS is soluble within the out- 
lined area in Figure 17. Note that an ore-transporting aqueous environ- 
ment can be outlined solely from associations among the ore minerals—data 
relating directly to the time and place of ore deposition. Indirect evidence 
from wall rock alteration, fluid inclusions, hot springs, and gangue minerals 
can be used independently to confirm conclusions reached directly from ore 
assemblages. This distinction between the types of data is important if, 
as one might expect, there is a significant change in composition in the 
solutions during deposition of ores. 


CONCLUSIONS 


Vapor pressures of the anhydrous mineral system Fe-S-O can be corre- 
lated, thermodynamically, with compositions of aqueous solutions. In the 
Fe-S-O system, partial vapor pressures over the assemblage pyrite, pyr- 
rhotite, and magnetite indicate that coexisting aqueous solutions are 
alkaline. The equilibrium alkalinity varies with (2S). Thus deposition 
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of this assemblage at equilibrium requires an alkaline ore solution if (2S) 
exceeds 10-** m at or below 250°C. At 250°C the equilibrium pH is 
9.3 + 1 (3.7 + 1 units above neutrality) when the total activity of aqueous 
sulfur species, (2S), is 1.0 m. 

Useful thermodynamic limitations to sphalerite-depositing ore solutions 
may be inferred from associations with other minerals. The usual range of 
the partial pressure of sulfur is established by the frequency of occurrence 
of sphalerite with pyrrhotite, pyrite, digenite, covellite, and other sulfides. 
Lack of native sulfur fixes a minimum pH and the association with barite 
fixes a maximum sulfate content of the ore solutions. These associations 
indicate that sphalerite is transported in reduced, neutral to alkaline ore 
solutions where HS~ is probably the predominant sulfur-containing ion. 
Consequently sphalerite must be soluble at 250° C in slightly alkaline sulfide 
solutions (pH = 7.5, Po, = 10~”) where (2S) is 1.0 m provided these asso- 
ciated minerals are deposited simultaneously and in equilibrium with sphalerite. 

The reliability of these conclusions, derived from considerations of 
mineral associations, depends directly on correct interpretations of textural 
relations and mineral assemblages. Application of the relations used in this 
paper to other mineral systems requires more extensive geologic and thermo- 
dynamic information than is now available. In addition to the chemical 
data obtainable by laboratory experimentation, field studies of each ore 
deposit must, in the future, furnish accurate geologic data on: (1) mineral 
assemblages and their distribution, (2) simultaneity and sequence of mineral 
formation for each epoch of deposition, and (3) equilibration between minerals 
during and after deposition. 
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SOME POSSIBLE GEOLOGIC RELATIONSHIPS IN THE 
FORMATION OF URANIUM** FROM CURIUM*** 


HANS H. ADLER 


ABSTRACT 

A mechanism for the derivation of U™ from Cm™ is considered as a 
possible source of U™ enrichment in radioactive rare earth minerals. 
The presence of Cm*™ in early earth materials is predictable on the basis of 
synthesis through nuclear reactions and from extrapolations of abundances 
of lighter nuclides. The chemistry of curium reflects a geochemical sim- 
ilarity to rare-earth elements and possible incorporation in rare-earth 
minerals. The amount of enrichment of U™ that might be expected from 
Cm” decay is calculated for monazite for several geologic ages. Within 
the limits of the parameters considered, Cm*™ would not provide sufficient 
U*™ enrichment to be of economic consequence, but its possible existence 
in early geologic time may be of interest in geochronology studies. Un- 
derestimation of Cm* abundance may affect significantly the probability 
for finding interesting variations in U*™:U™ ratios. 


INTRODUCTION 


Tue discovery of nuclear fission of uranium and the advent of the utilization 
of nuclear processes as a source of energy has stimulated considerable interest 
during the past two decades in the geology and economic exploitation of 
uranium deposits. The property of U** to fission inductively in a neutron 
field and support a chain reaction created for the first time a unique demand 
for a specific isotope of a naturally occurring metallic element. An important 
factor in the economics of uranium recovery is the relatively low abundance 
of U*** with respect to the U*** isotope which constitutes the bulk of natural 
uranium. Considering the current price of uranium ore and the quantity of 
U*** contained therein, it is apparent that if minerals containing uranium 
having significantly different proportions of the two isotopes could be found 
considerable effort might be warranted and advantage gained in selectively 
mining them on the basis of their U*** content. As mass-spectrographic 
analyses have indicated that the U***: U*** ratio of samples of natural uranium 
is essentially constant within the limits of analytical error, it has been as- 
sumed that all ores of uranium will show no isotopic variation of economic 
significance. 

Interest in U*** as a nuclear fuel was preceded by a very limited amount 
of reported experimental work to determine variations in isotopic abundances 
of natural uranium. The work of Dempster (2) first established by mass 
spectrography the existence of U*** in natural uranium. Subsequently, Nier 
(9) presented mass spectrographic data on the isotopic constitution of ura- 
nium in kolm, uraninite, and schroeckingerite (dakeite), and Katz and Rabin- 
owitz (7, p. 4) reported data on four specimens of uranium ores from Africa, 
Canada, and the United States. More recently, Lounsbury (8) reported 
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isotopic abundances of uranium in Great Bear Lake pitchblende, and Senftle 
et al. (11) established an average ratio based on analyses of eleven samples 
of Colorado Plateau ores, all values agreeing within the limits of experi- 
mental error. Asa result of these investigations an isotopic ratio, U***: U**, 
of approximately 1/138 has been established. 

The uniformity of the U***; U*** ratio for natural uranium is most readily 
explained by assuming that the isotopes were present in universally invariant 
proportion at the time of formation of the earth and that changes in their 
concentrations throughout geologic time varied only in direct relation to 
their decay rates. This hypothesis precludes isotopic fractionation or the 
addition of one or the other isotope as extrinsic matter during geologic history. 

On the other hand, discrepancies among the age values obtained on some 
uranium ores from Pb**?: Pb***, Pb?°?: U**5, and Pb***: U*** ratios indicate 
in some cases an apparent excess of Pb**? which may be interpreted as re- 
sulting from the addition of radiogenic lead or possibly extraneous U** 
during ore deposition. The apparent excess of Pb**? may also reflect a de- 
ficiency of Pb*** due to radon loss. These discordant age sequences have been 
interpreted by Stieff and Stern (12) as resulting largely from gain or loss 
of lead and uranium and radon loss. The fact that possible enrichment of 
U*** in natural uranium has been given little consideration in geochronology 
studies is certainly justifiable on the basis of current isotopic evidence. 

Since, on the whole, mass-spectrographic analyses have supported the 
constancy of the U***: U*** ratio largely on the basis of measurement of ura- 
nium ores, the suggestion of a mechanism by Diamond et al. (3) of U**™ 
enrichment in mineral types not currently utilized for uranium, but from 
which uranium could be extracted as a byproduct (14), is of interest for its 
economic as well as its academic implications. 


GEOCHEMICAL CONSIDERATIONS 


The suggestion was made by Diamond et al. (3) that Cm* and its 
daughters may have been an important source of radioactivity for several 
hundred million years after the formation of the elements in the earth. The 
possibility that Cm**' existed in the earth’s crust is of geologic interest inas- 
much as the decay chain of the isotope results in the formation of U***. This 
decay takes place through several intermediate daughters according to the 
following scheme. 


Cm 247 
96 


Am a 243 


95 Abe. yrs 
B 


Pu 243 239 
94 4.98 hrs - J, 24,400 yrs 


Np 239 ° 
93 2.33 days 


U 
92 
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Curium has not been found as a naturally occurring element; however, it 
has been produced through intensive neutron irradiation of plutonium. Bent- 
ley et al. (1) observed that curium formed in this manner contained a 
significant amount of heavier isotopes. Subsequently, Diamond et al. (3) 
established the isotopic composition of this material by mass spectrometric 
analysis and also suggested a minimum, and a possible maximum, half-life 
value for Cm***. As a result of failing to find evidence of the presence of 
Pu***, it could be implied that the Cm**? decay rate was sufficiently slow to 
allow inference of a half life for Cm*** greater than 4 x 10° years. On the 
other hand, in order that Cm**? be found in nature in detectable quantity it 
was estimated that a half life of 1.3 x 10° years would be required if the age 
of the earth is five billion years, and 2.2 x 10° years if the age is nine billion 
years. From these considerations it may be inferred that the half life is some 
value between these limits. 

The amount of Cm**? present at the time of earth formation has been 
crudely estimated (3) on the basis of the abundance of lighter, odd-mass 
nuclides measured as a function of atomic weight by Suess and Urey (13). 
By extrapolation of these measurements Diamond et al. (3) predicted a ratio 
of one Cm**? atom per thousand rare-earth atoms in original terrestrial mate- 
rials, estimated as correct to within two orders of magnitude. 

To establish the quantity of U*** that may possibly be contributed to a 
mineral as the result of Cm**? decay, the half life of Cm**’, its geochemical 
affinities, and the relative concentration of the isotope in a given mineral with 
respect to the primal uranium content must be known or assumed. The 
half life of Cm**? can be predicted roughly within certain limits and for the 
purpose of this paper is assumed to be 1.3 X 10° years, which is the maximum 
permissible assuming a five-billion-year earth age. 


The chemical similarity of actinide-group to lanthanide-group elements 
places curium in close geologic relationship to the rare earths. As uranium 
is frequently found in association with thorium and the lanthanide elements in 
nature, the predictable association of Cm*** with uranium in rare-earth- 
bearing minerals, therefore, naturally leads to consideration of the possibility 
of enrichment of U*** in monazite, allanite, bastnaesite, cerite, and other min- 
erals with high rare-earth content. 


Curium, the actinide homologue of gadolinium, which is trivalent in nature, 
shows stability in solution only in the trivalent state. The probable extreme 
chemical instability of curium (IV) in nature is reflected in the dissolution of 
tetravalent compounds in the laboratory with resultant oxidation of water and 
the immediate appearance of trivalent curium (10). As a trivalent ion 
curium is similar to trivalent lanthanides and exhibits essentially the same 
chemical behavior. The exclusively trivalent state of curium in aqueous 
solution is helpful in predicting its possible distribution in nature. 

The ionic radii of corresponding elements (trivalent state) in the actinide 
series and lanthanide series are given in Table 1. The trivalent ions of the 
rare-earth elements show a decrease in size with increasing atomic number 
which is characteristic of the lanthanide contraction. A similar relationship 
is observed for the actinide series. 
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That this regularity in the trivalent radii sequence of the actinide elements 
should hold as well for curium can be predicted on the basis of the develop- 
ment of the 0-electron shell, and one, therefore, may assume the ionic radius 
of curium to be slightly smaller than that of americium. As the value of 
ionic radius of curium is probably close to that of neodymium, curium may 


be identified with minerals of the allanite-monazite and apatite types, in which 
the lanthanide elements of low atomic number predominate, rather than with 


rABLE 1 


Ionic RADII IN THE ACTINIDE SERIES AND LANTHANIDE SERIES 


Actinicde Atomi lonic Lanthanide Atomix lonic 
element number | element number radius 


Uranium 92 Neodymium 60 0.99 (1.15) 
Neptunium 93 Promethium 61 0.98 

Plutonium 94 Samarium 62 0.97 (1.13 
Americium 95 Europium 63 0.97 (1.13) 
Curium 96 Gadolinium 64 (1.11) 


(1.00) : value based on a radius of 1.32 kx for 0*~; all others on 1.40 kx for 07. The ionic 
radii are for 6-fold coordination 


the xenotime, thalenite, and wiikite types in which high atomic number rare 
earths are most abundant. 


DISCUSSION OF U~*® ENRICHMENT 


The most probable geologic time at which Cm**? may have become in- 
corporated in a specific mineral, and, hence, at which U*** enrichment may 
have been initiated, is a function of the geologic history of an area. Since 
the degree of U*** enrichment is dependent on the Cm**? decay rate and the 
age of the geologic rock material involved, it is possible to predict approxi- 
mately the probable maximum enrichment in a given mineral identifiable 
with a dated metallogenic or geologic province, provided that the rare-earth 
and uranium content of the mineral are known. Maximum percent enrich- 
ment is theoretically obtainable in minerals containing a minimum amount of 
primal (amount held by the mineral when it is formed) uranium and, pre- 
sumably, having a maximum rare-earth content. The oldest Precambrian 
minerals meeting these requirements constitute the most likely source of 
Cm**"-derived U***, 

Measurements on accessory minerals from Precambrian rocks reported 
by Jaffe et al. (6) indicate ages ranging roughly from 500 to 3000 million 
years. Hurley et al. (5, p. 2) recently observed age groupings of rocks at 
500, 1,000, 1,700 and 2,600 m. y., based on potassium-argon and rubidium- 
strontium dating, which can probably be related to orogenic or metamorphic 
disturbances in various parts of the world at these times. From these studies 
one may predict the availability of an abundance of suitable minerals for 
curium uptake at various times in Precambrian history. 

For purposes of calculating U**® enrichment resulting from Cm decay, 
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2,100 m. y.-old monazite is arbitrarily selected as a reference as it affords a 
reasonable approximation of intermediate Precambrian time and does not 
represent either the oldest or youngest material available. The uranium 
content of the monazite is assumed to be 0.05 percent. Although uranium 
has been reported in monazite in amounts up to about 1 weight percent (4, 
p. 152), a low value has been purposely chosen as it reflects a condition of 
minimal primal uranium, hence favorable for maximum enrichment of U**. 

Assuming a five-billion-year earth age, decay of Cm*** would have pro- 
duced a reduction from the original assumed Cm*** to rare-earth ratio of 
1: 1,000 to a ratio of about 1.9 x 10-7: 1,000 by the million year 2,100. Any 
monazite (rare-earth content > 50%) formed at that time might have con- 
tained initially about 1 x 10°°% Cm**’, and the quantity that might currently 
be present is calculated to be about 1.4 x 10°°% or 0.0000014 ppb. By 
comparison, the natural U***: U*** ratio and relative concentration have 
changed as a result of decay from an original 90.3: 214.5 (0.42:1) of five 
billion years ago to 5.4: 137.6 (0.039: 1) 2,100 m. y. ago and to the current 
0.7:99.3 (0.007:1), using half lives T,,, = 4.5 X 10° years and T,,, = 
7.13 X 10° years. 

Although the uranium content of the monazite is low, 0.05% (3.5 x 
10°*% U***), the amount of Cm**'-derived U*** added to its primal U** 
content during the past 2,100 m. y. would be negligible, not exceeding 1 Xx 
10°%. Thus, one might expect that the measured ratio U***: U*** of ura- 
nium in monazite and other minerals containing similar amounts of total 
uranium (about 0.05% ) would not be affected appreciably by the incorpora- 
tion of Cm*** into their structures within the past 2,100 m. y. A lower 
primal uranium content would enhance’ the enrichment, but the quantity of 
primal uranium currently in the monazite would have to be about 1 x 10°°% 
(10 ppb U; 7 x 10°% U***) before significant enrichment (> 50%) in U*** 
could be expected (~ 5 percent enrichment would be detectable). An error 
of a factor of 100 in the estimated geochemical abundance of Cm*** might 
affect considerably the probability for finding enrichment in these minerals. 

Generally, enrichment would be enhanced in older minerals with very 
low primal uranium content. A slight increase in age, e.g., monazite formed 
2,500 m. y. ago, would have the effect of producing about a ten-fold increase 
in Cm***-derived U***, whereas the concomitant increase in primal U** 
would be less than two-fold. Similarly, monazite formed about 3,800 m. y. 
ago might contain 10,000 times more Cm**’-derived U** than monazite 
formed 2,100 m. y. ago, whereas the primal U*** abundance would be in- 
creased only about five-fold. Finally, 100-percent enrichment of U** re- 
sulting from Cm*** decay in monazite might be realized in very old (3,800 
m. y.) material with a current uranium content of about 0.001%. 

It is apparent that within the parameters set forth in this discussion Cm*** 
would not provide a source of U*** enrichment of economic consequence, but 
its possible influence on the U*** content of rare-earth minerals may be of 
some interest to geochemists utilizing them in geochronology studies. Un- 
derestimation of the abundance of Cm**? by a large factor would increase 
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considerably the probability for finding significant U***: U*** ratios in natural 
materials. 
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ABSTRACT 


The Linchburg Mine, in the Magdalena district, is typical of the 
pyrometasomatic group of deposits, differing only in its lack of a known 
intrusive rock to which the pyrometasomatic mineralization can be related. 
The ore deposit consists principally of sphalerite, galena and sparse chal- 
copyrite in a gangue of andradite, hedenbergite, and hematite. The ore- 
body has been controlled by a major fault on which some 500 feet of dip 
slip has placed Paleozoic limestones in contact with the Precambrian com- 
plex of the Magdalena Mountains. Related to the major fault are tension 
breaks along which the ore fluids ascended to replace favorable beds of 
the Kelly formation ( Mississippian). 

Distinct zoning of hydrothermal minerals has taken place spatially 
related to controlling faults. Geometry of the orebody, zoning and para- 
genetic data indicate that control of the orebody is not directly related to 
tectonic shattering of early silicated beds. Deposition of metallic and 
gangue minerals appear to have been essentially contemporaneous and re- 
lated to factors other than tectonics. Experimental evidence is cited to 
show that the hydrothermal deposition could have been closely related to 
a reaction gradient that may have been only slightly influenced by tem- 
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perature but was closely related to a variation in pH and changes in the 
environment of deposition. 


INTRODUCTION 


FeaTuRES of contact metasomatic or pyrometasomatic ore deposits have re- 
ceived considerable attention during the past fifty years with the publication 
of such notable papers as those on the Oslo Region (3), Clifton-Morenci 
(7) and Hanover (13). Most workers have noted the close spatial relations 
that prevail between metamorphic, sulfide, and oxide minerals. The exact 
nature of their mutual association is variable but field observations have in- 
dicated that in a number of instances the causes of this close association of 
silicate and sulphide minerals can be found in tectonic events. Early-formed 
silicates have broken or brecciated under stress, preparing ground for the 
later deposition of sulfide minerals. On the other hand, some workers, 
notably Lindgren (7), have observed characteristics that have been interpreted 
as indicating essential contemporaneity of silication and development of 
sulfide minerals. 

The Linchburg orebody in the Magdalena Mining District was studied in 
detail to gain an insight into the influence of silicate minerals upon deposition 
of sulfide minerals. This orebody is unusual in several respects. It is 
pyrometasomatic in all features except for the proximity to an intrusive body 
to which the hydrothermal minerals and alteration can be attributed. All of 
the alteration observed appears to be metasomatic rather than a combination 
of metamorphic and metasomatic as is so often common. The presence of an 
intrusive body somewhere below the mineralized area seems unquestionable 
in view of the widespread igneous activity in the district. But the important 
consideration is that all alteration was brought about by fluids that had 
travelled some distance prior to effecting the changes that took place. Regular 
zoning of both high-temperature silicate minerals and sulfide minerals is 
present but the zoning is apparently directly related to faults and fractures 
that have served as feeders to the various ore shoots comprising the orebody. 
Control of silicate alteration was by faults and fractures that transect favorable 
limestone beds and apparently acted as channelways for the fluids that brought 
about the changes. Secondary tectonic control—fracturing or brecciating of 
silicated beds—is not apparent. Within the orebody, the principal control of 
ore deposition has been that of chemical contrast, apparently related in some 
way to the distribution of silicate minerals. 

It is suggested that this ore control is a reflection of a reaction gradient 
that may be only slightly dependent upon thermal gradients that may have 
existed across the altered zone. The reaction gradient may be a result of the 
cummulative effect of breakdown of the host rock, the behaviour of metal 
cations and/or cation complexes under varying conditions of Eh and pH, and 
the attendant changes that may have taken place in composition of the ore- 
forming fluid after it was introduced into the replaced beds. 


Acknowledgments.—This paper is an abridgment of a portion of a dis- 
sertation submitted to the faculty of the Geology Department of the University 
of Arizona in partial fulfillment of the requirements for the degree of Doctor 
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MAGDALENA DISTRICT 


A comprehensive report describing the geology of the Magdalena district 


has been published by the U. S. Geological Survey in Professional Paper 200 
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(9). The reader is referred to that publication for detailed information 
relating to the district. A few important features, however, are noted here 
in order to provide background for further discussion of the Linchburg Mine. 
Principal orebodies in the district occur along the west side of the 
Magdalena Mountains near their northern extremity. Ore has been localized, 
for the most part, in the oldest Paleozoic rock unit present, the Kelly limestone 
of Mississippian age. Fundamental control of the orebodies of the district 
appears to be related to the position of Laramide intrusions, and to the location 
of north-striking faults that parallel the long axis of the mountain range. 
The largest amount of ore mined to date has been taken from orebodies 
near the major intrusions in the north end of the district. This ore has formed 
as contact pyrometasomatic deposits and is related spatially to one large 
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granite intrusion and one large intrusion of composition approaching that 
of monzonite. 

Loughlin and Koschmann (9) have noted that there exist three prinicpal 
types of orebodies in the district. These are: hypothermal orebodies con- 
sisting of magnetite and pyrite, which are of little economic importance ; high- 
temperature, mesothermal orebodies that consist of sphalerite and galena, 
generally in a gangue of andradite garnet and hedenbergite, and which con- 
stitute the most important of the three types from an economic standpoint ; 
and finally, low-temperature mesothermal orebodies, which are second in 
economic importance to the higher temperature mesothermal deposits, and 
which consist of light-colored sphalerite and galena in a gangue of fluorite, 
barite and calcite. 

LINCHBURG MINE 


The Linchburg Mine, owned by the Empire Zinc Division of the New 
Jersey Zinc Company, is located along the southern extensions of the main 
fault zones that have controlled ore deposition in the northern and central 
parts of the Magdalena district. The mine is at least two miles from any 
known, large exposed intrusive body. (Fig. 2). However, the orebody in 
this mine shows the same intense type of associated silicate alteration and ore 
deposition found in the northern and central parts of the district where ore- 
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bodies occur in close proximity to intrusive masses. Since the mine exhibits 
many of the features of ore deposition that are present elsewhere in the district 
and described in Professional Paper 200, and is in most respects typical of 
other orebodies in the district in its structural and stratigraphic control of 
ore deposition, the details of some of the stratigraphy and structure will be 
omitted. Discussion that follows is concerned primarily with geologic detail 
of the orebody and treats principally the features of mineralogy and ore control. 


Sedimentary Rocks 


Within the mine, only three sedimentary horizons are of concern in ore 


control considerations. These are the Precambrian argillite or “greenstone,” 
the Kelly formation of Mississippian age, and in the superjacent Magdalena 
Group, the Sandia formation of Pennsylvanian age (Fig. 3). The Pre- 
cambrian argillite is included among the descriptions that follow because of 
certain structural implications; the Kelly limestone since it is the principal 
ore-bearing rock unit, and the Sandia formation since it overlies and “caps” 
the known ore-bearing beds. 
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Precambrian.—The argillite or “greenstone” is the oldest and most wide 
spread of the Precambrian rocks in the area of the Linchburg Mine. Locally, 
it has been intruded by a Precambrian granite and in a few localities by Pre- 
cambrian rocks of basic composition. However, in the vicinity of the mine 
workings where it has been exposed, it is uniform in composition and color 
despite the fact that in other areas of the district it has been locally intensely 
metamorphosed. 

The formation may exhibit bedding that shows local intense folding. 
The rock consists of quartz and a few feldspar grains that, locally, attain sizes 
up to 3 mm but are ordinarily around 1 mm or less. 

Mississippian.—The Kelly limestone, the principal ore-bearing formation 
of the district, is the only unit of the Mississippian System present in the 
Magdalena area. In the vicinity of the Linchburg workings its thickness is 
125 feet with local variations that apparently do not exceed 4 feet. 

The basal bed of the Kelly limestone, deposited upon the Precambrian 
surface, ranges from a minimum of one foot in thickness to a maximum of 
about 8 feet. This “footwall bed” consists of an arenaceous-argillaceous lime- 
stone that contains from 25 percent to 80 percent quartz. Some exposures of 
the basal Kelly unit contain small amounts of detrital feldspar and sparse 
fragments of the granite or argillite. The more altered portions of the bed 
consist of diopsidic pyroxene, fine-grained actinolite, and recrystallized quartz 
and calcite. 

Lying above the footwall beds and in sharp contact with them is a 50 
foot thickness of limestone. This group of beds, known locally as the “lower 
crystalline,” is composed of coarsely crystalline, pink limestone containing 
abundant crinoid stems. Interbedded with the lower crystalline units are 
numerous discontinuous beds of microgranular gray limestone. Some of these 
fine-grained beds persist along their strike for 50 to 100 feet. A few lenses 


of a dark gray to black chert are present and in places are veined by calcite 
or quartz. 


The lower crystalline unit is locally marbleized and its entire thickness 
has, at one location or another, been subjected to silicate alteration and ore 
deposition. The coarsely crystalline horizons very near the top of the unit 
have been particularly favorable for hydrothermal mineral deposition. 

The “silver pipe” horizon, a bed of lithographic, dolomitic limestone, 
mostly dark gray to black in color lies in contact with the top of the lower 
crystalline section. It appears to have a uniform thickness of 8 feet. Lough- 
lin and Koschmann (9, p. 16) note that the “silver-pipe” unit is an “impure 
dolomitic limestone containing considerable clay-like material.” These beds 
are widespread and conspicuous enough to serve as an excellent marker 
horizon within the Kelly formation. There is no known ore occurrence 
in the “silver-pipe” in the mine area, this in sharp contrast with the northern 
area of the district where it has been locally replaced by hypogene and 
secondary minerals. Commonly these beds will bottom ore that lies above 
and at the same place, cap the ore that lies below. The “silver-pipe” may 
be intensely broken or bleached but so far as is known, is not replaced by 
sulfide minerals in the Linchburg orebody. Neither silicate alteration nor 
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silicification has been observed in this horizon except in sparing amounts 
very close to intense sulfide mineralization. 

A 55-foot sequence of limestone known as the “upper crystalline” lies 
above the “silver-pipe” beds. This series of beds is quite similar to the 
“lower crystalline” and, except for the presence of the intervening “silver- 
pipe” unit, is ordinarily indistinguishable from them. The unit contains chert 
lenses and marbleized beds and, near the top of the section, a few fine-grained 
beds that resemble the “silver pipe.” 

In the Linchburg Mine, the upper crystalline unit has been the most 
favorable host for deposition of hydrothermal minerals. Both silication and 
development of sulfide minerals appear to be more widespread and important 
within these beds than within all of the other Kelly units taken together. 

Pennsylvanian——The Sandia formation of the Magdalena Group con- 
formably overlies the Kelly limestone. Although this formation exhibits a 
highly varied lithology only the lower units have been important in considera- 
tion of the hydrothermal processes. Three different rock types make up the 
highly variable base of the Sandia formation and each may be found in contact 
with the Kelly formation in the mine. There is no apparent pattern to the 
distribution of the three rock types. Some contacts between the Sandia and 
the Kelly are presumed to be the sites of bedding plane faults and this possi- 
bility may give an idea as the the cause of the erratic nature of the Sandia- 
Kelly contact. 

\n intensely folded and slickensided black, carbonaceous shale is the most 
common basal Sandia rock type. Less commonly the Kelly formation lies 
in contact with a dirty, impure limestone bed whose relation in time to the 
Sandia or Kelly formations is not known. Rarely, a bed of quartzite is pres- 
ent as the basal unit of the Sandia formation. 


I qneous Rocks 


Igneous rocks that occur in the Linchburg Mine, although many and 
varied in type, are not a complete sampling of the igneous rocks of the district. 
Most rocks observed have been exposed by mine workings in the vicinity of 
the orebodies, so that it has been difficult to obtain unaltered specimens. 
Consequently, they are described as they exist in their altered state. 

Precambrian.—The oldest known igneous rock exposed in the mine is 
Precambrian granite, which is intrusive into the Precambrian greenstone, and 
both the granite and greenstone are truncated by a pre-Mississippian erosion 


surface. In the underground exposures of the Precambrian complex about 


half of the rock exposed appears to be the granite. 

In most specimens examined some feldspar was observed although where 
the granite adjoins major structures that may have acted as feeders to the 
orebodies, feldspar is scarce or even absent as a result of intense silicification 
of the rock. Microscopic study of the granite shows that it typically consists 
essentially of a mass of intergrown quartz. In all of the sections observed, 
quartz comprises at least 40 percent of the rock and, in some instances, ap- 
proaches 80 percent of the total rock. Other minerals, are orthoclase, minor 
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microcline, and rare albite, (Y index, 1.533). The plagioclase in places is 
altered to sericite. Green biotite is invariably present and represents partial 
alteration of biotite to chlorite 

No ore has been found in the Linchburg Mine in the Precambrian granitic 
rocks. There are some questionable instances, however, in which ore occurs 
in intensely silicified zones, where wall rocks are not identifiable, adjacent 
to or within fault zones. The original nature of the silicified rock along the 
faults remains open to question since the silicified zone extends across the 
zone of breaking and may represent either the granite or the adjacent 
limestone. 

Tertiary (?).—An age of Tertiary (?) has been assigned to the igneous 
rocks discussed in this section. Such an age is given, following the practice 
of the Professional Paper (9), although no stratigraphic relations are observ- 
able either to confirm or discount this assumption. A wide variety of such 
igneous rocks exist; many of them are so highly altered that it is difficult to 
ascribe an original composition to them. They are discussed below in what 
may represent a chronological sequence of origin, although such assumptions as 
to the precise place in an assumed differentiation sequence must also remain 
open to question since no cross-cutting relations or other stratigraphic data 
are available to give an age more precise than post-Permian. 

Purple Andesite—The oldest Tertiary (?) igneous rock in the district 
is purple andesite. It was deposited upon the post-Permian sedimentary rock 
surface and was apparently present prior to the time at which some of the 
faults associated with development of the mountain range were active. It 
occurs in scattered exposures throughout the district, both on the surface 


and underground. The extent of its surface outcrop is dependent upon 
faulting and erosion, and it commonly caps some of the deeper, down-faulted 


blocks. Its relation to ore deposition and alteration processes is not clear. 

Latite Porphyry.—Latite dikes are scattered widely throughout the mine. 
Their relation to ore deposition is obscured by lack of interpretable mutual 
relations, but alteration data suggest that most are pre-ore. They were 
emplaced, in most instances, along faults with some resulting vertical dis- 
placement of beds due to dilation. 

The least altered of the latite porphyries consists of about 10 percent 
phenocrysts, about half of which are oligoclase, (Y index, 1.545). Horn- 
blende crystals are present and biotite, invariably altered to chlorite, is abun- 
dant. The groundmass consists of a felted mass of plagioclase, orthoclase, 
and minor quartz. 

Alteration of the latite is varied and locally intense. The rock within 
or close to orebodies has been altered to a mass of cholorite (prochlorite ) 
with the biotite generally altered to pennine. Identification of these latites 
is based upon the determination of rare, incompletely altered phenocrysts 
of plagioclase. Chloritic alteration of those latites cutting orebodies has been 
intense and accompanied in some areas by formation of magnetite. Locally 
the chlorite appears to have been subsequently altered to sericite and sparse 
quartz. In the orebodies dikes tentatively assumed to be latite have been 
silicated to some extent with development of hedenbergite and quartz. 
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White Rhyolite—Only one highly altered white rhyolite dike has been 
recognized in the mine. The dike is highly-silicified and has been intruded 
along a major zone of breaking. Much of the silicified and altered material 
that occurs along some of the major breaks in the mine may represent this 


rock type, but the completeness of silicification makes the assignment of a 
definite rock name difficult 

According to Loughlin and Koschmann (9, p. 43) the white rhyolites are 
the youngest igneous rocks in the district. In the Linchburg mine they 
appear to postdate ore deposition and their silicification may attest to the late 
age of much of the silicification in the district. 

Lamprophyre-——One lamprophyre dike has been observed but it occurs 
at a considerable distance from any known area of commercial mineralization 
Its host is the Kelly limestone and it has not been observed to intersect 
other rocks. 

Structure 

Structural features in the Linchburg Mine are considered under two major 
headings—faults and fractures, and folds. Both structures appear to have 
been influential to varying degree in controlling ore localization. 

Faults and Fractures—The most obvious and gross structural feature in 
the mine is the Linchburg Fault. This is one of the major longitudinal faults 
in the district, termed the Young America Fault in the Professional Paper 
(9), and has brought the Paleozoic section into contact with the Precambrian 
complex at the mine elevation (Fig. 4). It has a dip displacement on the 
order of 500 feet and strike slip component of an unknown magnitude. Gen- 
erally speaking, the fault is vertical although underground dips indicate an 
occasional steep dip to the west or more rarely to the east. 

The Linchburg Fault would be more precisely termed a fault zone since 
it consists of a number of closely spaced, nearly parallel breaks along which 
the composite displacement is that indicated. The distance across which 
the breaking has taken place has not been precisely determined but appears 
to be in the range of 100 feet. Vertical displacement has been determined 
from measurements on the lower crystalline unit and “silver pipe” horizon 
of the Kelly formation 

The fault is of pre-ore age since the zonal development of hydrothermal 
affects can be related directly to its position. There is some evidence sug- 
gesting late movement, but no broken or altered sulfide fragments have been 
found in the broken zone 

Accompanying development of the Linchburg Fault and related to it is 
a system of northwesterly and northerly trending en echelon breaks, all of 
which dip steeply eastward. There has been very little displacement along 
most of these fractures except that caused by dilation. 

Exposures in the mine indicate that these northerly and northwesterly strik- 
ing breaks originate along the principal fault zone, and turn gently away 
from it. These oblique breaks can be related to the movements and forces 
developed as a result of the stresses originating along the Linchburg Fault 
zone. Since many of the fractures, particularly those near the north end of 
the orebody, are dike-filled and dilated they are considered tension openings. 
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The indicated direction of movement of the west wall of the Linchburg Fault 
(to the south and downward) is such that tension breaks would develop 
concordant with the pattern of the en echelon breaks present. The struc- 
tural setting developed in the mine approximates the Cymoid Loop of Mc- 
Kinstry (10). 

Prominent, vertical, north-striking shears or fractures are erratically dis- 
tributed through the orebody. In some areas, they cross the transverse 
faults. Movement along them appears to be negligible and their origin is 
obscure. Relation of the shears to ore is not consistent and the breaks cut 
across mineral zones and barren limestone walls of the orebodies. 


1 


Folds—Ore-bearing beds in the Linchburg orebody have been gently 


arched upward into an anticline on which there is minor attendant folding of 
each limb. Closure of the fold is expressed by the “silver-pipe” which inter- 
sects the main level elevation at positions 1700 feet apart. In this distance 
it rises 70 feet above the mine workings. The anticline and its attendant folds 
plunge gently westward 

The fold has been faulted at right angles to the direction of plunge by 
the numerous breaks of the Linchburg Fault zone. Each faulted slice main- 
tains the same configuration of folding present in the slice above and below it, 
constituting strong evidence for dating the fold as pre-ore as well as pre- 
“inchburg Fault in age. 

Age and origin of folds in the district is not precisely known. Loughlin 
and Koschmann (9, p. 57, 66) consider them to be older than the faulting 
but of an age younger than Paleozoic. No further data are available. That 
the folds in the Kelly formation may represent differential compaction over 
irregularities on the Precambrian surface does not seem likely in view of the 
persistent stratigraphic relations at the base and top of the formation. The 
basal sandy member of the Kelly formation appears to be uniformly dis- 
tributed in the mine area. Further, the distance from the “silver-pipe’’ to 
the overlying contact with the Pennsylvanian sediments appears uniform 
regardless of the position of the measurement with respect to the location on 
the fold. Had the folding which is shown in the undulations of the “silver- 
pipe” been a result of differential compaction or slump over Precambrian 
highs, the sand present at the base of the formation would not be expected 
to be so uniformly distributed nor the distance from the “silver-pipe” to 
the overlying Pennsylvanian contacts so consistent. Whether or not the 
fold in the mine acted as an ore control has not been determinable. Else- 
where in the district Gordon (4) noted a gross control exerted by folds on 
the ore. This same gross control is present in the Linchburg Mine, where 
most of the known ore occurs on the anticline. How this fold acted as a 
control or possible control is not known since there is direct relation of 
ore mineralization to faults that cut diagonally across the anticline. 


ORE DEPOSITS OF THE LINCHBURG MINE 

The mineralized zone in the Linchburg mine is a continuous north-south 
belt some 2,000 feet long and of variable width and height in the Kelly lime- 
stone beds, generally the upper crystalline portion. This mineralized zone 
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can be considered a single orebody composed of a number of north and 


northwest striking shoots of lead and zinc sulfide ores that parallel the trends 


of faults and fractures and are closely related to them. In the intervening 
areas, lower grade zones of sulfide replacement are present, which serve to 
maintain the continuity of the mineralized belt. 

Transverse to the orebody, the ore shoots are discontinuous as a result 
of dilation of controlling faults. Thus the common cross section is a picture 
of stepped ore shoots, gently tapered downward, separated in places by dike- 
filled fractures (Fig. 5). There is no positive control of termination of the 
ore shoots away from the main faults and most of the shoots disappear gradu- 




















Fic. 5. Generalized section across the Linchburg orebody. 
Fic. 6. Relationship of alteration zones to stratigraphy and faults, Linchburg 
mine. 


ally into barren limestone. Most of the orebodies have tabular cross section, 
the tops controlled by the dip of the strata over- and under-lying the favorable 
beds, and the sides controlled at one extreme by a fault and at the other 
by either a fault or barren limestone. 

Sphalerite and subordinate galena are the predominant ore minerals to- 
gether with minor chalcopyrite. These occur in a gangue of sparse pyrite, 
garnet, pyroxenes, amphiboles and mixed hematite and magnetite. 


Zoning 


It has been possible to make spatial correlation of certain sulfide and 
gangue mineral associations, and zones characterized by abundance or lack 
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of certain silicate, oxide, and sulfide minerals have been established. It 
should be emphasized that this classification of minerals is made without 
benefit of assay and has been done entirely by megascopic or microscopic 
examination. There is no finite edge to any of the zones considered and 
gradations between zones commonly exist. However, for the purpose of 
mapping and studying the orebody the classifications established are easily 
recognizeable and provide a clear picture of the mutual mineral relationships. 

Five characteristic mineral assemblages are present, each of which occupies 
a position that is persistent with respect .o adjoining mineral groups. The 
zones have been given numbers for convenience in description. The first 
zone (number 1) is composed of quartz and is found within or closely 
adjacent to the major faults. This zone is adjoined by zone 2 mineralization 
composed of andradite garnet, ordinarily devoid of commercial mineralization 
except for sparse amounts of sphalerite near its outer edge. The zone is 
ordinarily the thinnest of all the zones. The garnetized zone grades into a 
transition zone (zone 3) of mixed hedenbergite and andradite with large 
quantities of sphalerite and galena, sphalerite predominating. This zone, 
the widest of the five, is transitional between silicate mineralization, pre- 
dominantly garnet, and mineralization that is predominantly hedenbergite 
(zone 4). Closely related to the pyroxenated limestone of zone 4 is much 
of the lead mineralization with subordinate amounts of sphalerite. The 
fifth zone consists of chlorite, sparse pyroxene, and locally abundant hematite. 
This mineral assemblage grades at its outer edge into silicified limestone and 
marble. The mineral zones have been equally well developed on both stope- 
wide size (up to 60 feet) and hand specimen scale. 

On the basis of zoning it has been possible to mark where a particular 
mineral assemblage fits in the zonal distribution even though the minerals 
present may be composed entirely of sulfides or entirely of silicates. Since 


much information has been lost in the process of ore extraction, many of 
the extensions of mineral zones had to be inferred by projection from pillars 
sills, and stope walls. 


Mapping of the orebody indicates that the different mineral zones have 
definite spatial characteristics in different portions of the section (Fig. 6), 
and to feeding structures (Figs. 6,7). Generally one or more of the mineral 
zones is absent. Missing zones are at either end of the zonal sequence rather 
than ones that interrupt the zonal order. Transitions, not abrupt changes, 
are the rule. Further, where two feeding structures are close to each other, 
lower intensity zones, such as zones 4 and 5, have not been preserved and 
only one or two zone types may be represented in limestone. 

Zone 1.—This is the zone of intense silicification that adjoins major 
faults. It is rarely of commercial importance although locally, it may con- 
tain minor amounts of sphalerite, galena, and pyrite. It seldom exceeds 10 
feet in width and is most commonly 1 to 2 feet in width. The zone is 
present across most of the stratigraphic thickness of the Kelly formation, along 
the entire length of the Linchburg Fault zone. It is only locally present along 
the northwest-striking tension breaks. 


Quartz of zone 1 exhibits considerable strain and evidence of recry stalliza- 
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tion. A number of generations of growth appear to be present. Euhedral 
quartz crystals are present near the zone fringes near the center of the fault 
zone, however, much of the quartz has been intensely broken or crushed and 
recrystallized. Pyrite and sphalerite are scarce and exhibit relations that 
indicate them to be either contemporaneous or of alternated deposition. 

Zone 2.—This zone is characterized by widespread and almost total re- 
placement by andradite garnet. It is not always present along the Linchburg 
Fault zone and the associated breaks but it does appear to be more widely 
distributed than zone 1, which is primarily along the major breaks,, The 
width of zone 2 is variable, ranging from a few feet up to 20 feet or more, 
most commonly around 15 feet. Commercial mineralization in this zone 
consists of dark sphalerite occurring generally along the outer or pyroxene- 
bearing edge of the zone. 

Under circumstances which would permit development of all zones, zone 
2 would adjoin a fracture or zone 1 on one side and, at its other side, would 
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pass into a zone characterized by pyroxene. Zone 2 is rarely of economic 
importance since it is composed almost entirely of garnet. At its outer 
edge, however, abundance of sphalerite increases locally. 

Typical examples of zone 2 minerals show complete replacement of the 
host rock by equigranular garnet. Garnetization is practically complete, the 
only other minerals present being minor quartz and calcite that fill rare 
intergranular openings in the garnet masses. Sphalerite and very minor 
amounts of chalcopyrite are the only sulfides in zone 2. 

Commonly, the garnet is altered to an amphibole, possibly cummingtonite 
(1), which in turn has altered to sparse prochlorite. This form of alteration 
occurs across the width of the zone but is most obvious on its outer edge 
close to sphalerite deposition 

Zone 3.—Gangue minerals in zone 3 consist primarily of andradite, man- 
ganoan hedenbergite, johannsenite, hematite, cummingtonite (?) and pro- 
chlorite. Sparse calcite and quartz are present. Relative abundances of 
the minerals vary across the zone depending upon the particular location with 
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respect to the zone of garnet on the one side or zone of pyroxene on the 
other. Distinguishing characteristic of this zone is the fact that both garnet 
and pyroxenes are megascopically present. Near the common border of zone 
2 and zone 3, the sulfide minerals are sphalerite and galena, with sphalerite 
predominating. Toward the outer edge of the zone, or the common border 
with zone 4, the sulfide mineral assemblage remains the same but the ratio 
between sphalerite and galena changes with galena becoming more abundant. 
Sphalerite encountered in the more pyroxene-rich areas, that is to the outside 
of the zone, generally contains most of the chalcopyrite present in the 
orebody. 

Zone 3 represents a transition between zones 2 and 4, composed prin- 
cipally of garnet on the one side and pyroxene on the other. It represents 
the only alteration type found in the footwall beds of the Kelly formation, 
the other zonal types absent in that bed except for occasional thin zones com- 
posed only of diopsidic pyroxene. Zone 3 is widespread in the upper Kelly 
beds where, together with zone 4, it constitutes the major width of the 
economic zone of mineral deposition. 

Typical specimens of this zone contain a mixture of andradite and heden- 
bergite, very locally, andradite and johannsenite, and in the footwall beds, 
the garnet in combination with diopside. Some of the pyroxene appears to 
be essentially contemporaneous with formation of andradite although much 
of the andradite appears to postdate the pyroxene. Manganoan hedenbergite 
is widespread but johannsenite was observed with hedenbergite only in one 
specimen. Indices of refraction measured on hedenbergites from numerous 
locations in the orebody showed no significant variation. 

Minor amounts of quartz and calcite are present but probably make up 
less than 5 percent of the average rock. Cummingtonite (?) and chlorite 
occur as alteration minerals of both the hedenbergite and the andradite and 
in the footwall beds of the Kelly as an alteration of the diopside. 

In a typically altered mineral sequence, mineral relations in zone 3 are 
as follows: Andradite alters to cummingtonite (?) with further alteration 
to chlorite or, the andradite may alter directly to chlorite; alteration of the 
andradite is accompanied by persistent development of hematite; heden- 
bergite has altered to chlorite or rarely cummingtonite (?) with apparent 
concommitant development of hematite. 

Hematite in this zone is derived from alteration of the silicates and to 
an equal extent from oxidation of minute grains of magnetite. Two modes 
of hematite development are therefore present but it has not always been pos- 
sible to determine from microscopic relations their position in time with 
respect to each other. From a broad point of view, alteration of magnetite 
to hematite appears to predate development of hematite from silicates but 
there are a number of instances in which the data cannot be accurately 
evaluated. 


Calcite and quartz are interstitial to the other minerals and may represent 
unsilicated remnants of the host rock, or just as likely, may represent the 
products of the process of silicate destruction that might have accompanied 
deposition of the sulfides. 
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In this zone, as in zone 2, the preference shown by sphalerite for areas 
composed principally of garnet is marked. At least 80 percent of the sphaler- 
ite occurs as replacement of garnet, the remainder as replacement of galena. 
Galena has replaced either uralitized garnet (rare) or more commonly py- 
roxenes. In this zone and in zone 4, the preference of the two principal sul- 
fides for a particular silicate or sulfide is strikingly exhibited—sphalerite for 
garnet and galena, galena for either sphalerite or the pyroxenes and 
amphiboles. 

Zone 4.—Except for the occasional overlap of zone 3 sphalerite-galena- 
chalcopyrite mineralization, Zone 4 consists principally of galena and sphaler- 
ite, or very rarely, galena alone as the predominant type of sulfide deposition. 
Alteration is principally hedenbergite with microscopic amounts of garnet. 
This ore-gangue type is characterized by the great amount of hematite which 
it usually contains and by the complete lack of megascopic garnet. 

Within this zone it may be possible to distinguish a sub-zone that is 
primarily hematite and magnetite and another sub-zone that is primarily py- 
roxene. Such variation, however, is very irregular and has been difficult 
to map. Further, interpretation of two sub-zones, would appear to be mean- 
ingless in view of the large areas in which they occur unseparated. One 
exception to this observation is common. At the outer edge of the zone 
gangue minerals are principally hematite with minor magnetite and only 
minor amounts of pyroxene. This strongly hematized sub-zone is wide- 
spread along the edges of the high-grade ore shoots and has accounted for a 
moderate tonnage of fair grade ore, generally high in lead. Within this 
outer sub-zone of strong hematization, the iron mineral tends to become in- 
creasingly abundant as a gangue mineral, and the line between zone 4 and 
the next outer zone is sometimes difficult to establish. The change repre- 
sents more of a transition from hematite-pyroxene to a zone of essentially 
pure hematite with only minor amounts of pyroxene. 

Manganoan hedenbergite is the most important mineral present; garnet 
occurs sparingly and is seen only under the microscope. Calcite and quartz 
comprise a small percentage of the total quantity of minerals present. Pet- 
rography and alteration are essentially the same as that described for zone 3 
except that amphibole-chlorite alteration is more pronounced. Sphalerite 
shows its preference for the minute amount of garnet present and locally for 
galena, and galena shows preference for pyroxene-amphibole-bearing areas. 
Sphalerite is the dominant sulfide but the ratio of sphalerite to galena is 
considerably smaller. 

Zone 5.—Zone 5 consists primarily of hematized limestone with scattered 
and minor amounts of pyroxene and locally abundant prochlorite. The zone 
extends beyond the limit of sulfide mineralization and is present as a broad 
fringe in which hematite generally gives way to marbleized limestone. Mag- 
netite is present as a discontinuous band along the inner margin of the 
hematite-bearing areas. Sulfide minerals are generally scarce and occur as 
disseminations of galena and sparse sphalerite together with disseminated 
hematite. Chlorite occurs erratically along the edge of the zone, sometimes 
as masses, more commonly as scattered clusters. In many of the ore shoots, 
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the zone 5 mineral assemblage caps the ore-bearing silicates in alternating 
bands of hematite-chlorite and marble. 

Hematite is the most widely developed mineral in this zone and, in con 
trast to other zones, only small amounts of it appear to be of secondary or 


alteration origin. Rather, the mineral occurs as uniformly sized scatterings 
in a matrix of coarse calcite. Where chlorite occurs, it does so in masses 
and not disseminations and bears no consistent relation to either calcite or 
hematite. Sulfides that occur are replacements of calcite. Locally barite 


and fluorite are present in small quantities. Fne-grained silica is abundant. 


Ore Control and Sequence of Events 


General Considerations —Control of ore in the Linchburg Mine is by 
combinations of structure, stratigraphy, and subtle, yet apparently important, 
contrasts provided by physical-chemical variations. The most favorable loci 
of ore deposition have been the intersections of certain faults and fractures 
with favorable portions of the Kelly formation. Quantity of sulfides, and 
to a lesser extent, grade of ore, may have been influenced to some degree by 
folds. Further favorability has been exhibited within selected portions of the 
limestone section. Each of these factors will be considered with a view to 
its relative importance. 

Stratigraphic Favorability—All of the ore found in the Linchburg Mine 
with the exception of scattered, low-grade showings in the veined Precambrian 
complex, has been located in the Kelly limestone. This does not preclude the 
possibility that commercial mineralization may exist in other units of the 
stratigraphic column, but to this date there is no other known ore-bearing 
formation in the Linchburg Mine. 

Favorability within the Kelly formation is best illustrated in those ore 
shoots lying some distance from the major fault zone. In these locations, 
ore has been deposited in only two portions of the Kelly section with such 
selectivity evidenced along the entire length of the orebody. A portion of 
the Kelly limestone, about 35 feet thick, which bottoms five feet above the 
“silver-pipe” bed, is the most favorable. Lesser favorability is shown by 
the footwall beds of the formation with local favorability exhibited for other 
portions of the section such as a ten-foot span of limestone lying directly 
below the “silver-pipe.” Important feeding structures have localized commer- 
cial amounts of sulfide minerals across the entire thickness of the Kelly section. 
This lack of selectivity, however, is not persistent and is limited to proximity 
to feeding structure. 

Folding—The strata have been gently folded upward along the strike 
of the major fault zone. Accompanying the major fold are slight undulations 
of each limb. Tenuous correlation of some high-grade ore shoots can be 
made with the position of the crests of the minor folds. Such a correlation, 
however, may be indicative of influences other than low compression zones 
extant at the time of sulfide deposition. Nevertheless, the relation of some 
of the high-grade ore shoots to fold crests requires consideration of folds as 
potential ore control even though with the present state of knowledge it is 
difficult to determine its precise nature. 
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Faults and Fractures—The conclusion that ore is related to faults and 
certain fractures in the Linchburg Mine is inescapable in any examination of 
ore occurrence \ll of the ore shoots, and thus the orebody itself, are in 
timately associated with fractures or faults. Principal structural control is 
effected by the Linchburg Fault zone, which has acted as a conduit for ore- 
bearing fluids. This appears to be true along most of the entire length of 
the structure as it is known in the underground workings. Within the favor- 
able portions of the section, commercial mineralizations is continuous adjacent 
to the structure. 

Tension breaks that parallel or strike obliquely away from the fault zone 
have been influential in controlling the trend and occurrences of the high- 
grade ore shoots. In such situations, as with major fault zones, stratigraphic 
favorability has combined with a deep tap to localize ore. 

Evidence of feeding from these breaks is well substantiated by the zonal 
development of alteration minerals. Both silicate and sulfide minerals are 
zoned with reference to the faults or fractures, these breaks constituting a 
persistent and apparently necessary part of the zonal arrangement. All 
areas of the mine in which the zones were mapped have shown that the transi- 
tion from marble-hematite to pyroxene to garnet always terminates at a 
fault or fracture. 

Influence of Silicate Minerals—Within selected portions of the Kelly 
section the influence of silicates upon ore deposition is pronounced. Several 
lines of evidence suggest that this favorability is not related to the “mechanical” 
aspects of ground preparation but, rather, is a definite tendency of sulfide 
minerals to replace selected silicate minerals present in the alteration as- 
semblage. 

One manner in which silicates might cause metal deposition is through 
a contrast in competency—that is, a horizon once silicated would be more 
competent than horizons above and below that had remained unaltered. 
Under some stress, a more competent section of rock might fracture rather 
than yield in plastic flow thus creating broken and fractured ground, more 
permeable and providing more surface for chemical reactivity. This is not 
the case in the Linchburg Mine, fractures and faults that are present and 
which might have acted to break the ground are the source of the altering 
fluids. Zoning can be directly related to their positions. It seems reason- 
able, therefore, to presume that fractures existed prior to the time of silicate 
and sulfide deposition and remained as relatively permeable channelways 
through which the altering fluids passed. Intensely altered, unbroken dikes 
present along many of the faults are strong evidence that most movement 
that took place, did so prior to the time of sulfide deposition and probably 
silicate formation. These fault zones, which are related to the hydrothermal 
zoning, are the only ones that have been found in the mine. Any stresses 
that may have broken the silicated horizons subsequent to the time of silicate 
emplacement are not evident, either in the orebody or in the surrounding 


limestones. Post silication movement is not apparent except for minor 
movement along the Linchburg Fault. Further, there is no suggestion in 
any of the polished and thin sections examined microscopically that breccia- 





ESIS AND CONTROL OF LINCHBURG OREBODY 


tion or other breaking took place in the silicate mineral assemblage. Thus, it 
does not seem likely that ground preparation through breaking of the silicates 
was effected in the Linchburg orebody. 

All of the evidence available indicates an ore-bearing fluid that deposited 
its components in a silicated horizon rather than an unaltered horizon, and 
did so without requirement for additional mechanical ground preparation. 
Further, the evidence indicates a relation between sulfide and silicate min- 
erals that is not mechanical in nature, but rather related to other factors 
physico-chemical in nature. 

Excluding minor amounts of sulfides deposited in erratically located pods 
and veins whose quantity is but a small fraction of a percent of the total 
metals, the sulfides of the Linchburg orebody are intimately related to silicate 
minerals. Commonly, certain stages of the silicate alteration will persist 
for slight distances beyond the confines of the sulfide-bearing locations but 
the converse is not true. Sulfides do not cross the silicate-limestone boundary. 
The relations that prevail among certain silicate and sulfide minerals, as 
observed in the broad picture of zones and in the petrographic associations, 
indicates control of sulfide deposition was some property of either the silicates 
or conditions prevailing in the orebody at the time of deposition. 

At first glance, zoning outward from fractures—of sphalerite to sphalerite- 
galena—would indicate a possible dependence upon a thermal gradient. 
Within zones 3 and 4, however, favorability shown by sphalerite for garnet 
and by galena for sphalerite and pyroxene indicates that a simple temperature 
gradient is not the answer, although it may be of some importance. 

Strongest arguments for mineralogical control in silicated zones are the 
mutual relations between the various minerals concerned. Confinement of 
sphalerite to zones or areas composed principally of garnet, even in the 
silicated zone composed predominantly of hedenbergite, coupled with the 
strong suggestion of some sort of crystallographic or structural control exerted 
by garnet upon sphalerite deposition are the two strongest suggestions of 


silicate influence. Further evidence, less direct, is the absence of any favor- 


ability of garnet zones for galena. This may be in part related to thermal 
conditions but is probably no less dependent upon chemical factors. 

Control of the deposition of silicate minerals appears to be closely related 
to faults and fractures in limestones, to some unknown property of the original 
limestones that permitted certain beds within the section to be preferentially 
altered, and possibly to structural weaknesses developed as a result of the 
early folding. Control of sulfide deposition seems, then, to be related to 
certain characteristics of the silicate alteration suite of minerals as contrasted 
with the limited control of the limestone and the same fault and fracture 
systems that controlled silicates. 

The controlling structures and the nature of the orebody fit, rather 
strikingly, into the general picture of limestone replacement deposits and their 
control as outlined by Prescott (11). At two locations near the longitudinal 
center of the orebody and adjacent to the Linchburg Fault zone, two restricted 
areas of magnetite cut across the Kelly section and give way to the west 
to the orebody. It may be that these two locations represent high intensity 





714 SPENCER R. TITLEY 


mineralizing centers characteristic of the vertical pipes described in Prescott’s 
picture of vertical and/or lateral transport of ore fluids, derived from depth, 
into favorable host rocks. 

Paragenesis—Although it may be possible to place with some precision 
an apparent relative time position of two minerals on the basis of the char- 
acter of their association, such a relation may be misleading in the sense that 
these same two minerals could quite possibly, be forming at the same time 
but under differing chemical environments within the same broad system. 
Such a situation appears to have prevailed in deposition of the Linchburg 
ores and is evidenced in the mineral zones that have developed and in some, 
apparently conflicting, data present in mutual mineral textural relations. 

There appear to have been two major types of hypogene mineral alteration 
and within certain limits, each can be treated separately. The first of these 
is the phase of mineral deposition that apparently prepared ground for the 
later changes that took place. This phase of mineral formation, which 
resulted in deposition of andradite, hedenbergite, and hematite and which 
marbleized the limestone, is characterized by the addition and fixation of 
silica, iron, and minor amounts of manganese. The second phase includes 
two different manifestations of alteration whose relationships to one another 
are not well enough established effectively to separate them for individual 
study. This second alteration stage is characterized by fixation of mag- 


nesium as silicate minerals as one recognizeable phase and the development 


of the base metal sulfides as the other. 

Neither of the alteration stages can be fixed in time. There is no direct 
evidence to indicate either continuity of deposition or a time break in the 
depositional process. Certain arguments, however, suggest that a _ time- 
break, if one existed, was of such short duration as to be insignificant. 

If a time break existed, the fluids responsible for the changes manifested 
in the second alteration stage exhibited the same favorability for the selected 
portions of the Kelly section as did the first altering fluids. The idea of a 
time break between the two phases is not borne out in the paragenetic rela- 
tions since there is good evidence indicating replacement of silicates by 
sulfides and of sulfides by silicates. The alteration, therefore, is considered as 
a continuing process in which the ore-bearing fluids, although changing slightly 
in their chemical properties, were more influenced by the nature of their 
environment of deposition than by any gross change in composition. At 
least two changes are suggested that are either reflections of the chemical 
environment or are reflections of change in composition of the fluid. 

Early, iron- and silica-rich minerals were deposited followed by deposition 
and formation of magnesian and sulfide minerals. Overlap and apparent 
contemporaniety of silicates and sulfides in the zone 3 and 4 assemblages, 
would tend to give some credence to an idea of a nearly uniform source 
fluid that, although undergoing some change at its source and through its re- 
action with the rocks of the channel, was probably changed more at the 
site of mineral deposition. 

The picture derived from mutual relations of minerals indicates that the 
idea of a changing environment is well founded. Zone 3, the transition zone 
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between silicate alteration characterized by andradite and hedenbergite, is one 
in which the mutual relations of minerals indicates their essential contem- 
poraniety. Here, andradite garnet exhibits characteristics that suggest it 
is, in part, contemporaneous with hedenbergite and, in part, later than heden- 
bergite. Galena, which has replaced hedenbergite, is itself replaced by 
sphalerite, which also replaces the garnet. This zone is interpreted as repre- 
senting encroachment of mineralization of zone 2 character upon a suite typical 


of zone 4. Thus at a given instant, andradite was forming contemporaneously 


with manganoan hedenbergite but under a different environment. Replace- 
ment of the original carbonate in all zones but zone 2 was incomplete. After 
some time lapse, with the process continuing (i.e. deposition of hedenbergite 
and andradite), the “interface’” between the two zones would have moved 
outward from the point of origin, possibly as a result of addition of heat but 
certainly in conjunction with addition of material. Interface relations would 
indicate contemporaneity, with hedenbergite and andradite forming at the 
same time. Spectrographic amounts of manganese present in the garnets 
from zone 3 may represent material originally present in the hedenbergite but 
which was incorporated in the garnet during mineral change. The essential 
idea is that of alteration proceeding in wave-like fashion with minerals 
formed under one set of conditions encroached upon and destroyed during 
crystallization of minerals more stable under the new chemical environment. 
It accounts for the sphalerite-galena-sphalerite sequence, for the garnet-heden- 
bergite-garnet sequence and for the hematite-magnetite-hematite sequence. It 
implies a set of thermal conditions in which both minerals of any of the 
three groups are stable. 

Magnesian alteration fits into the paragenetic sequence as post-ferroan 
silicate, pre-sulfide in age. Distribution of magnesium seen in the presence 
of minerals such as cummingtonite (?) and the various chlorites, suggests that 
it has some close genetic association with sulfides. The various magnesian 
silicates are present only in the places of more intense sulfide development. 
They corrode garnet and pyroxene and in a few instances there is strong 
suggestion that they may have served as an intermediate step between fer- 
roan silicate development and the later crystallization of sulfides. Whether 
a magnesian phase of silicate alteration is requisite to formation of sulfides 
is not known but it seems more likely that this stage of alteration in the 
Linchburg orebody is coincidental in time with sulfide formation rather than 
predating those metallic minerals. 

Paragenesis of the major silicate, oxide, and sulfide minerals is shown 
in Figure 8. The mutual relations of minerals in each of the zones is shown 
within the boundaries for that zone, and the connecting lines interpreted 
from only general estimations of relative quantities. A line parallel to the 
base of the diagram illustrates the various reactions taking place within the 
zones at a given time in the period of hydrothermal mineral formation. 
Moving such a line from the bottom of the diagram (early) to the top of 
the diagram (late) will give some idea of progressive change in the altered 
zone. Deposition of barite and fluorite are believed to be considerably later 
than the formation of other hydrothermal minerals. 
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Fic. 8. Generalized paragenesis Linchburg orebody. 


No inference as to zone width is intended since it is highly variable from 
one place to another. 

Temperature of Formation.—The data of Kullerud (6) have been used 
to determine the range of formational temperature. This approach has been 
used with reservation since, in the Linchburg orebody, there is noticeable 
lack of pyrite. Iron is present as hematite and in the ferrous and ferric 
state in silicates that have been replaced by sphalerite. However, whether 
the iron so present is incorporated in the sphalerite during the replacement 
process is not known. Recently, Skinner, Barton and Kullerud (14) have 
published revised data on the subsolvus relations of pyrrhotite-sphalerite 
mixtures. Calculations of FeS content figures shown below (Table 1.) are 
based upon that work and the formational temperatures of sphalerite based 
upon Kullerud’s FeS-ZnS equilibrium diagram. 


There is surprising agreement among those samples selected from each 
of the zones. The zone 3 sphalerites fall into two rather well defined tem- 


rABLE 1 


Sample location Cell edge (A.U.) 
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T° formation 


480 10 
480° + 10° 
200 10 
150° 10° 


Zone 2 (Ave. 3 samples) 
Footwall Beds (Ave. 2 samples 
Zone 3 (Ave. 3 samples) 
Zone 3 (Ave. 2 samples) 
Zone 4 (Ave. 3 samples) 


4170 + 0.0006 
4170 + 0.0006 
4128 + 0.0006 
4110 + 0.0006 
409 + 0.0006 
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perature categories for no apparent reason. The mineralogical surroundings 
and paragenetic relations appear identical under microscopic examination. 

It is doubtful that a temperature span as great as that indicated exists 
for the following reason. Three sphalerite samples were selected from a 
single hand specimen that exhibited zones 2, 3, and 4. On this particular 
specimen, less than an inch separated the sphalerite sample taken from zone 
2 and the sphalerite sample taken from zone 4. The zone 3 sphalerite sample 
was selected from the garnet-hedenbergite zone which lay between. It does 
not seem reasonable to infer that a temperature drop of 260° + from Zone 
2 to Zone 3, with another decrease of 70° in the change from Zone 3 to Zone 4, 
could take place over such a short span (1 inch) of host rock. 

The evidence strongly implies that the iron variation shown is a reflection 
of availability of that element and that the temperatures are the minimum 
ones applicable to the particular zone. Thus, it is believed that temperatures 
of formation in the Linchburg orebody were probably in the range of 450 
or higher. 

To a certain extent, temperature gradient is indicated across the zones 
but the slope of such a gradient is not known for certain and there are sug- 
gestions that it may be nearly flat. There is, of course, a general lowering 
of temperature with passage of time, but it is believed that no gross tempera- 
ture drop took place until after formation of the principal sulfides. 


Geochemical Considerations 


Hydrothermal effects are reflected in development of ferroan-calc-silicates, 
ferroan oxides and the sulfides of zinc, lead and copper. These substances 
were deposited in the limestone beds in determinable sequence with formation 
of the sulfide minerals, in general, following formation of the silicates. Min- 
eral relationships indicate that deposition of both skarn and sulfide minerals 
was proceeding simultaneously in the Kelly beds. Limestone was replaced 
by silicate and oxide minerals that encroached wave-like into the lime beds 
and acted in some manner to prepare the ground for sulfide minerals that 
lagged behind the “front.” There appears to be no other satisfactory way 
to explain the hydrothermal genesis. Such a concept agrees with the ideas 
of Lindgren (7) who inferred simultaneous deposition of skarn and sulfides 
at Morenci, and with Schmitt (13) who noted at Hanover that “in general 
the silicates were early. The sulfides were late and seem to have replaced 
the silicates.” It remains to determine a satisfactory mechanism that will 
account for simultaneous deposition of sulfide and silicate minerals in the 
Linchburg orebody. 

In the Linchburg orebody, iron, zinc, lead, and copper, together with 
minor quantities of manganese and magnesium have been added to the host 
rock. These cations have been fixed as silicates in combination with indigen- 
ous calcium, or as sulfides or oxides. The Linchburg mineral assemblage is 
sulfur-poor as evidenced by almost complete lack of pyrite in spite of abundant 
iron. The only sulfides are sphalerite, galena and lesser amounts of chalco- 
py rite. 
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The iron occurs in the ferric state in hematite and andradite and in the 
ferrous state in local and abundant hedenbergite and minor quantities of 
magnetite. Thus, there was incorporation of ferric iron in silicates forming 
in the part of the system closest to the source and simultaneous formation of 
silicates containing ferrous iron in the zones beyond. Presence of hematite 


as an alteration product associated with pyroxene destruction and the deposi- 


tion of zinc sulfide at the garnet-pyrozene “interface” suggests oxidizing con- 
ditions prevailing at the time and place of sphalerite formation while some- 
what less oxidizing conditions possibly existed at the sites of galena formation 
further from the source. It is suggested, then, that conditions were oxidizing 
adjacent to the source, becoming less so as distance from the feeder increases. 
Abundant hematite in the Zone 4 and 5 mineral assemblage suggests that 
either an oxidizing environment or a shift toward alkalinity prevailed near 
the limestone contact 

No values can be ascribed to either the pH or Eh but there is strong 
evidence that certain relative changes took place. Whether the fluids were 
acidic or basic can not be determined from the available data but it is be- 
lieved that the direction of change can be inferred. It is probable at any given 
instant the ore fluid contained both silica and sulfur as potentially reactive 
anions. Ridge (12) has suggested metal transport takes place through 
shielding of the metal cations by sulfur and hydrosulfide complexes, and 
Barton (2) has given further weight to such a process through his calcula- 
tions on probable activities. These complexes react under conditions of de- 
clining pH to form the sulfide minerals bringing about a resultant change 
in the composition of the ore fluid. It is possible that Linchburg sphalerite 
formed under such conditions. However, the work of Hemley (5) suggests 
that galena is deposited from hydrosulfide complexes under conditions of 
increasing pH. The position of the metal sulfides, which are well zoned in 
the Linchburg orebody can then, in a general way, be used to indicate a pos- 
sible trend of change in pH values. 

Implied simultaneity of sulfide-skarn deposition as suggested by the para- 
genetic evidence poses many problems as to mechanism of formation. 

If the process of development of hydrothermal minerals in the Linchburg 
orebody is viewed as essentially isochronous, then some idea can be gained 
of certain physical conditions extant in the orebody at the time of formation 
from the minerals present. Further, it may be possible to suggest certain 
critical positions in the orebody, where change must have taken place in 
either the surroundings or in the ore fluid to effect mineral formation. Such 
locations of critical change are indicated by the edges of the mineral zones 
and one can speculate as to certain environmental and fluid conditions that 
may have prevailed within the different zones. 

Zone 1, the zone of deposition of quartz along the major faults is not 
considered in the ore depositional events since it is believed to represent late 
or at least continuing deposition of silica along the conduit. Ordinarily, the 
quartz in the fault zone gives way very sharply to the andradite of zone 
in the limestones or passes gradationally into the Precambrian rocks on the 
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east side of the orebody where it forms a zone of silicified rock ranging from 
a few inches to over ten feet in width. 

Fluids that arrived from the conduit at the edge of zone 2 became less 
alkaline as they traversed the limestone adjacent to the feeder and lost their 
ferric iron and silica in the formation of andradite. Presence of ferric iron 
almost to the complete exclusion of ferrous iron in this zone suggests either 
that conditions were oxidizing or that the ferrous iron was present but as 
some non-reactive complex that prevented its incorporation in reactions. 
Essentially no sphalerite was deposited except as isolated microscopic grains 
at the outer edge of the zone. The lead, zinc, copper and sulfur traversed the 
zone of garnet formation in some unreactive state, the best suggestion for 
which would be as pH sensitive polysulfide complexes. 

It is of importance here to reemphasize that the habit of sphalerite deposi- 
tion has been to replace garnet and to a lesser extent galena in spite of the 
fact that the introduced zinc has apparently traversed a zone of intense and 
complete garnetization without reacting. At the edge of this zone of intense 
garnetization, some critical change was effected that brought about the deposi- 
tion of sulfide minerals and resulted in continued deposition of sulfides beyond 
the zone. 

Increasingly acid conditions, brought about through either reaction of 
acid-silica complexes of the ore fluid in forming garnet or quite possibly 
through a phase change in the ore fluid due to heat loss, seem to be indirectly 
suggested. The tendency toward a lower pH would be instrumental in 


bringing about deposition of zinc sulfide, following the ideas of complex 


deposition suggested by Ridge (12). 

As the fluid left the zone of garnet deposition it was probably more acid 
than it was at the place of introduction into the Kelly beds. This “acid” 
fluid entering zone 3 and 4 probably reacted with any unreplaced limestone 
and the pH trend was reversed, the fluid eventually becoming more basic 
through reaction. Under the conditions of limestone dissolution, presumably 
acidic, ferrous iron and silica were stabilized as the pyroxene of zones 3 and 
4 and was followed by deposition of galena under conditions of increasing pH. 
This increase in pH, in addition to contributing to formation and deposition 
of galena, effected the oxidizing conditions so that ferric iron was stabilized 
at the outer edge of the alteration zone as hematite. 

The manner in which magnesian alteration fits into the sequence is not 
known. However, it is found only in those areas beyond garnet formation 
where sulfides are deposited. It appears to be closely though not invariably 
related to sulfide deposition and has been accompanied by formation of 
hematite. 

In their work on the influence of certain alkaline sulfide solutions on 
silicate minerals, Lindner and Gruner (8) noted that many silicate minerals 
were readily altered by the sulfide solutions. This appeared to be true, 
particularly of almandine garnet and augite. While the solutions used to 
effect the experimental results were of alkaline character, there would appear 
to be some relation of the experimental work to the acid conditions inferred 
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as being present during formation of the Linchburg sulfide suite. Following 
removal of silica from the ore fluid, concentration of the sulfur species present 
would take place. Thus sulfur would appear to be at least one possible agent 
to break down the silicates, initiate and perpetuate the replacement process 
and, in this respect, approximates the experimental work. The presence of 
amphibole and chlorite as an intermediate alteration phase of silicates in the 
Linchburg mine gives further support to the possibility of chemical attack 
by the ore fluid, since such mineral types were believed to have formed in 
the experiments carried out by Lindner and Gruner. Magnesium would 
have had to be introduced with the ore fluid and fixed at the time of the Linch- 
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burg alteration. This is in contrast to the experimental work in which it was 


indigenous. 

Reactions that would be operative in a process of simultaneous silicate 
and sulfide deposition are complex and the previous explanations of possible 
processes are at best only speculation. However, if the character of the 
changes in the depositional process, as manifested by the distinct zoning, is 
considered, it is possible to infer a change and a possible direction of change 
and summarize the hydrothermal process in general terms. 

Presence of sphalerite and other sulfides at the outer edge of the garnet 
zone implies that the ore fluid contained the metal ions in some unreactive 
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form while the fluid traversed the zone of silicate deposition. The sulfides 
replace the silicates and in the case of garnet, preferentially. However, this 
replacement did not take place until a certain critical location in the system 
was reached. This location is the same in all instances regardless of the width 
of the alteration zone. Sphalerite deposition probably took place on a de- 
creasing pH gradient. The decrease was brought about by either a phase 
change or by reaction of silica and iron complexes in forming garnet. 

This decrease in pH dissolved limestone ahead of the garnet front and 
apparently created conditions conducive to hedenbergite formation. The 
downward shift in pH would tend to create an environment more favorable 
for stabilization of ferrous iron in the pyroxene. Reaction of the fluid in 
contact with the limestone would result in another pH shift, this time toward 
the alkaline. Such a change would be conducive to galena deposition and to 
creation of an oxidizing environment favorable for stabilization of ferric iron 
in the large quantity of hematite seen at the outer edges of the altered zone. 


SUMMARY 


The Linchburg orebody is fundamentally localized along a major fault 
and its genetically related tension openings, both of which have served as 
conduits for the ore fluids. A second, and no less important, control was 
effected by selected portions of the Kelly formation in which the ore fluid 
deposited its metal components. Basis for this stratigraphic favorability is not 
known but it may be related to either a contrast in permeability or to a critical 
grain size or opening or to some combination of both. 

Regardless of the complexities involved in trying to discuss the hydro- 
thermal chemistry in the Linchburg mine, the following facts seem well 
established : 


1. Structural control of the orebody is marked. 
2. The paragenetic data indicate essential contemporaneity of sulfide, 
oxide, and silicate deposition. 


3. Fracturing and brecciation of early formed silicates with later deposi- 
tion of sulfides is an inadequate explanation for the favorability and restriction 
of sulfides to silicated zones. 


4. Depositional process took place on some type of reaction gradient that 
developed as a result of contrast between wall rock and ore fluid. 


A suggested gradient and explanation of the genesis is shown in Figure 
7. This contrast was closely related to changes in the fluid as certain com- 
ponents were stabilized at different points in the system. 

Extreme variation in width of the altered zone indicates a unidirectional 
or “one-shot” depositional process in which the qualitative aspects of the ore 
fluid remained essentially unchanged but the quantitative characteristics may 
have varied slightly 

Explanations for the depositional processes imply strongly but do not 
conclusively demonstrate that pH shifts, with resultant changes in the oxidizing 
character of the fluid, were important agents in bringing about the zoning 
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that developed. Effect of temperature changes are not known since only 
minimum ones can be determined but heat loss bringing about phase change 


seems possible as a triggering or catalytic mechanism in one part of the 
orebody. 

Another result of a consideration of the Linchburg events has been to 
indicate the possible importance of sulfur or sulfur complexes as transporting 
agents for the metal cations and as solvents for the silicate minerals that were 
replaced. A common feature of many pyrometasomatic ore deposits is a 
sulfur deficiency and in deposits of high pyrite content, large amounts of 
silicates are not common. Quantitative data are lacking for making any 
more than a general suggestion of some direct relation. 


UNIVERSITY OF ARIZONA, 
Tucson, ARIZONA, 
Sept. 10, 1960 


REFERENCES 


Allen, V. T. and Fahey, J. T 1957, Some pyroxenes associated with pyrometasomatic 
zine deposits in Mexico and New Mexico: Geol. Soc. America Bull., v. 66, p. 881-—89¢ 

farton, P. B. Jr., 1957, Some limitations on the possible composition of the ore-forming 
fluid: Econ. Gror., v. 52, p. 333-353 

Goldschmidt, V. M., 1911, Die Kontaktmetamorphose im Kristianiagebiet: Jacob Dybwad 
Kristiania 

Gordon, C. H., in Lindgren, W., Graton, L. C., and Gordon, C. H., 1910, The ore deposits 
of New Mexico: U.S.G.S. Prof. Paper 68 

Hemley, J. J., 1953, A study of lead sulfide solubility and its relation to ore deposition 
Econ. Gero1 v. 48, p. 113-138 

Kullerud, Gunnar, 1953, The FeS-ZnS system as a geological thermometer: Norsk. Geol 
Tidssk., v. 32, p. 61-147 

Lindgren, Waldemar, 1905, The copper deposits of the Clifton-Morenci district, Arizona 
U.S.G.S Prof Paper 43 

Lindner, J. L., and Gruner, J. W., 1939, Action of alkali sulphide solutions on minerals 
at elevated temperatures: Econ. Geov., v. 34, p. 537-560 

Loughlin, G. F. and Koschmann, A. H., 1942, Geology and ore deposits of the Magdalena 
mining district, New Mexico, U.S.G.S. Prof. Paper 200 

McKinstry, H. E., 1948, Mining Geology Prentice Hall 

Prescott, Basil, 1926, The underlying principles of the limestone replacement deposits of 
the Mexican province: Eng. and Min. Jour., v. 122, p. 246-253; 289-296 

Ridge, J. D., 1956, Transportation and deposition of hydrothermal minerals: 20th Int 
Geol. Congress, (mimeographed) 

Schmitt, H. A., 1939, The Pewabic mine: Geol. Soc. America Bull., v. 50, no. 5 

Skinner, B. J., Barton, P. B. Jr., and Kullerud, G., 1959, Effect of FeS on the unit 


cell edge of sphalerite A revisior Econ. Grot 54, p. 1040-1046 





Economic Geology 


Vol. 56, 1961 


DISTRIBUTION OF MINOR ELEMENTS IN THE GONDITIC 
MANGANESE ORE AND ITS GEOCHEMICAL SIGNIFICANCE 


ASOKE MOOKHERJEE 


ABSTRACT 


Nearly 200 partial or complete analytical data, collected by Fermor, 
and a few partial analyses by the author, have been utilized in studying the 
pattern of distribution.of the minor elements in the gonditic type of ores 
from Nagpur, Chhindwara, Bhandara, Balaghat, Jhabua and Narukot 
areas. Apart from Fe, Al, and Si, which may be regarded as major 
constituents in most of the ores, P, Ba, Ca, Mg, Na, K, Ni, Co, Ti, S, 
As, Pb, Zn, and Cu have been detected. The gonditic ores are found to be 
characterized by: (1) Variable amount of P increasing with increased 
amount of Fe, (2) Preponderance of CaO over MgO, (3) Preponderance 
of K.O over Na.O, (4) Preponderance of CoO over NiO, (5) Ubiquitous 
3aO, markedly concentrated in hollandite and psilomelane. 

he data of other constituents are too meagre to be relied on. How- 
ever, Pb, Zn, Cu and Ti appear to be concentrated in ores rich in psilome- 
lane. No direct conclusion can be made regarding the behavior of S 
and As. 

rhis pattern of distribution can be very well explained if we assume 
that colloidal processes were operative in the formation of these ores. The 
minor elements were adsorbed on the colloidal particles, some by chem- 
isorption, some by Van dar Waals adsorption. The cations like Ba”, 
Na*, K*, Mg”, Ca”, Ni”, Co”, Ti*, Zn”, Pb”, etc. were adsorbed by 
Mn(OH), sols, which are (—ve)ly charged, and anions like SO;*, AsO,”, 
PO," were attached to ferric hydroxide sols, which are positively charged. 
Amongst the cations, high CaO: MgO, K.0: Na.O and CoO: NiO ratios 
can be explained by lower ionic potentials (and therefore higher 
adsorbability) of Ca**, K* and Ni* compared to those of Mg*, Na* and 
Co™ respectively. 

It is therefore tentatively suggested that the solution, which caused 
alteration of the Gondites into ore, held Fe, Mn, Si and Al as colloidal 
oxides and hydroxides particles and not in ionic solution. The varying 
concentrations of the electrolytes, the positively charged SiO, and 
Mn(OH), particles, and the negatively charged Fe(OH); and Al(OH) 
particles in different parts of the deposits caused partial or complete floc- 
culation in certain places by neutralization, and at other places stabilized 
the colloidal solution. Such a hypothesis offers better explanation for 
some other features of the ore. 


GENERAL 

THE gondites represent metamorphosed manganese sediments of Precam- 
brian times and register a distinct metallogenic epoch of sedimentation in 
Indian stratigraphy. \lteration of these rocks, which also took place in 


Precambrian times, gave rise to rich manganese ore deposits in Nagpur, 
Chhindwara, Bhandara, Balaghat, Jhabua, Narukot and other areas. Some 
of these are amongst the largest in the world. 
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Because of their economic importance, analytical data of these ores are 
numerous ; but these have not been utilized for any purpose other than com- 
mercial. Fermor (2) collected a lot of these data and also had many more 
samples analyzed. A few more partial analyses were carried out by the 
author in connection with an investigation on the gonditic rocks and ores 
around Khapa, Nagpur district (5). These analyses reveal some definite 
pattern in the distribution of the minor elements and thus throw some light 
on the mode of alteration of the gondites to ore. However, it must be borne 
in mind that precise identification of the Mn-oxide minerals was not pos- 
sible in Fermor’s time and the nomenclature itself was very vague and con- 
fusing ; the same term was used to mean a number of minerals, and the same 
mineral was given different names by different workers. For example, the 
name psilomelane had been used to mean practically any hard botryoidal 
mass of unidentified Mn-oxide mineral which, as Fleischer (3) rightly points 
out, could be cryptomelane, hollandite, coronadite, lithiporite and probably 
some other minerals as well (e.g. Fermor’s data on psilomelane from Go- 
guldoho (page 100) definitely indicates that the mineral was actually crypto- 
melane, i.e. the potashic counterpart of psilomelane. Likewise the analysis 
of hollandite from Balaghat (page 93) most probably represents a mixture 
of hollandite and/or psilomelane with cryptomelane, as can be judged from 
Mn**/Mn** and K,O/BaO ratios. So, although the data on individual min- 
eral analyses must be treated with caution, it does not in any way affect the 


conclusions based on the bulk chemical properties of the manganese ores. 


The ores consist of mixture of pyrolusite, braunite, psilomelane, crypto- 
melane, manganite, and subsidiary amounts of various other hydrous and 
anhydrous manganese oxide minerals 

Apart from Fe,O,, Al,O, and SiO,, which may be regarded as major 
constituents, P, Ba, Na, K, Ca, Mg, Cu, Zn, Pb, Ti, Ni, Co, As and S are 
the other minor constituents found in the gonditic ores. 

Phorphorus.—This is universally present in all the ore sample analyses. 
The range varies from 0.001 to as high as 0.8 percent. In general the 
P-content increases with an increase in the iron content of the ore. Figure 
1 gives P vs Fe plot of about 150 analyses. However, availability of phos- 
phorus from the original rock is obviously a major control; naturally, there- 
fore, there are numerous deviations from the general rule. Besides, this 
relationship is governed by certain physico-chemical considerations that will 
be discussed later. 

The sources of phosphorus in the original rock are apatite, which is a 
common constituent of the gondites, and spessartite garnet. Although no 
Indian spessartite have been analyzed for P.O, content, diadochic replace- 
ment of a part of the SiO, group by PO, group is crystal chemically prob- 
able because of similarity in the ionic radii between Si** (0.39 kx) and P®* 
(0.35 kx). Mason and Berggren (4) reported up to 4.10% P.O, in spes- 
sartite garnet 

Barium.—Barium is another ubiquitous element present in these ores, 
its concentration varying from 0.00x, to 17.50 percent. Data on individual 
mineral analyses are admittedly meagre, but they indicate marked concen- 
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tration in hollandite (maximum 17.59% BaQ) and psilomelane (maximum 
15.08%, BaO) 

Barite, a common constituent of the original gondite rock is presumably 
the main source of Ba in the ore. Some amount of Ba is also present in 
the RO group of the spessartite garnet. 

Soda and Potash—rThese are also present in most of the ores, ranging 
between 0.13-0.50 and 0.05-3.31 percent respectively. K,O is invariably 
higher than Na,O and an average of 45 analyses quoted by Fermor shows 
Na,O: K,O ratio as 1:3. The most favorable host minerals for the alkalies 
are, again, cryptomelane, psilomelane, hollandite, etc. It is significant how- 
ever that in gondite the soda content is higher than potash. A strong rela- 
tive enrichment in K,O took place during the process of alteration. 

The source of alkalies in the ore is rather puzzling. Obviously the main 
supply came from the solution that brought about the alteration. The 
original gondite samples do not contain any feldspar. Rhodonite does not 
seem to contain an appreciable amount of Na,O, nor does spessartite. The 
other manganese silicate minerals such as winchite, manganophillite, alurgite 
do contain appreciable amounts of K,O and Na.O, but these are relatively 
rare minerals in gondites. The analyzed samples did not contain any of 
these. Another probable source might be the quartz with its numerous 
fluid inclusions. 

Lime and Magnesia.—These also show a maximum concentration in 
psilomelane, cryptomelane and hollandite. Most of the silicates minerals in 
gondite contain both CaO and MgQO. Solid solution relation between rho- 
donite on the one hand and CaSiO, and MgSiO, on the other have been 
experimentally established (7, 1). The spessartite garnet contains CaO 
and MgO in the R”O group. CaO/MgO ratio in these silicate minerals, 
and hence in gondites, is thus variable. But in the ore CaO is always greater 
than MgO. Results of 45 analyses quoted by Fermor show the following 
relationship among them 

Maximum Average 


CaO 1.07 
MeQ 0.53 


Nickel and Cobalt.—These are relatively rare constituents. In 25 samples, 
analyzed by Messrs. J. and H. S. Pattinson and quoted by Fermor, pre- 


ponderance of Co over Ni is strongly indicated. This relationship is clearly 


shown by the following : 


s 


Maximur \verage 
0.20% 0.027% 


0.35% 0.090% 


In the only analyzed sample of gondite Ni and Co were absent, and 
Fermor suggested that these might have been added by the circulating solution. 
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Copper, Lead, Zinc, Titanium, Arsenic and Sulfur—A general idea about 
their relative abundance, maximum concentration, and host minerals, may 
be seen from the 25 analyses by Pattinson (Table 1). 

Oi these only Cu and Ti are reported in the analyses of the parent silicate 
rock. Zn may presumably occur in rhodonite. The data on As and 5 are too 
meagre to merit any definite conclusion. It is noteworthy that As, Pb, and 


rABLE 1 


Avg 


Descr 
samples 


Cryptomelane psilomelane 0.034% 
ind braunite 


0.02% Cryptomelane (7?) psilo 0.016% From one local 
melane and braunite ity only 
with baryte and arsenate 


cryptome 0.102% 


irgite 


b) Psilomel , braunite 0.058% 


an appreciable amount of S are all from a single locality (Kajlidongri) and 


thus might reflect an unusual, local source of supply. 


GEOCHEMICAL INTERPRETATION 


The pattern of distribution of the minor elements can thus be summarized 
as follows: 


(1) Na’, K*. Ba®, Ca*, Meo*. Ni*, Co”, Zn™, Pbh*. Ti* are concen- 
trated mainly in psilomelane, cryptomelane and allied ore minerals. 

(2) Of these, CaO > MgO, K.O > Na,O and CoO > NiO. 

(3) Anions like (PO,)*, AsO,”, SO, show their dependence on the 
amount of Fe present in the ore. 


Such behavior can be easily explained if it is assumed that Mn and Fe 
were in colloidal state during alteration. The minor elements were ad- 
sorbed on the surface of the colloidal particles—the cations to the negatively 
charged Mn(OH), sols and anions to the positively charged Fe(OH), sols. 
This adsorption, aided by the mutual interaction of the oppositely charged 
colloids, perhaps led to flocculation due to neutralization of the charge on 
the colloids, reduction of electrokinetic movements below a critical level, 
depression of the dissociation of the stabilizing agent, or replacement of the 
stabilizing agent by ion exchange. P vs Fe plot is particularly interesting 
in this connection (Fig. 1). Adsorption of (PO,)* ions on colloidal Fe(QH ) 
represents a case of chemisorption and not Van der Waal type of bonding. 
Plotting of the results of 159 analyses distinctly shows an increase in the 
P-content with Fe-content. The lower line within the diagram may closely 
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RELATIONSHIP BETWEEN PHOSPHOROUS AND IRON 
CONTENT OF THE GOWDITIC MANGAWESE ORE 


represent the “threshold concentration” value of the PO, ion needed to 
flocculate different amounts of Fe(OH), colloid while the upper line very 
roughly may correspond to the saturation values. This of course is a 
much-too-oversimplified statement; for, the “threshold value” itself is af- 
fected by the rate of addition of the electrolyte and also depends on the 
total surface exposed by the colloidal particles. Besides, the influence of 
other electrolytes and colloids of similar and opposite charge and their rate 
of mixing might be quite significant. In spite of all these disturbing factors, 
the regularity in the pattern is quite remarkable. 


Among the different ions, those with higher charge are more readily 


adsorbed on the colloids and amongst two ions of same and similar charge, 
the one with lower ionic potential has higher adsorbability and therefore is 
preferentially enriched. In these gonditic ores high CaO: MgO, CoO: NiO 
and K,O: Na,O ratio can thus be readily explained on the basis of the ionic 
potential of the cations. 


GENETIC IMPLICATION 


Mineralogical and chemical studies of the unaltered and partially altered 
gondites as well as of the ores indicate the following changes consequent upon 
the alteration of the silicate rocks into ore. 
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(1) Mn** and Mn** almost completely oxidized to Mn**. 
Fe** oxidized to Fe partly removed. 
SiO, and Al,O,—mostly removed; SiO, is dissolved first and then 
Al,O,. This is also evidenced from microscopic studies showing 
that spessartite is much more resistant to alteration than rhodomite 
(2. 5, 6). 
CaO and MgO partly removed, CaO preferentially enriched. 
Enrichment in K,O and Na,O, their concentration relation being 
reversed. 
Other minor constituents, some of which probably were contributed 
by the circulating solution, were distributed in the ore with a definite 
pattern. 


Any hypothesis trying to explain the mode of alteration of the gondites 
to ore must satisfactorily account for all these characteristic features asso- 
ciated with it. 

Conversion of the gondites to ore is supposed to have been done by a 
H.CO, solution under oxidizing conditions. The process as conceived by 


Fermor is one of simultaneous (a) solution and replacement-deposition of 


manganese and (b) solution and nearly quantitative removal of alumina and 
also silica. 

Such a hypothesis is chemically untenable because (a) quantitative solu- 
tion of both silica and alumina needs highly alkaline environment (pH ~ 9) 
(b) under such an alkaline condition and in presence of O,, solution of 
Mn-Fe-silicates is practically impossible (c) the pattern of distribution of 
the minor elements can not be explained. 

Instead, one can visualize: 


(1) solution of Mn and Fe in a feebly acidic medium (pH <7). Very 
little SiO, and practically no Al,O, is soluble at this stage. 
? 


(<2 


) gradual increase in alkalinity resulting in the conversion of Mn* 
and Fe** into colloidal Mn(OH), and Fe(OH), 

(3) increase in the solubility of SiO, with increase in pH until it is 
pH 9 when suddenly Al,O, is almost quantitatively dissolved. 

(4) Flocculation of the suspensoids due to neutralization (or other causes) 
by both the electrolytes and the oppositely charged colloids. Adsorption of 
cations to the positively charged hydrosols and anions to the negatively charged 
ones. 

The net effect of mixing up with ions and colloids of similar and opposite 
charges would undoubtedly be a very complex one. The sudden addition 
of Al(OH), at pH ~ 9 might cause drastic changes in the character of the 
Mn(OH), colloid itself. Depending on the variable concentration of these 
electrolytes and the oppositely charged colloids, the manganese solution, 
mobilized on small scale, could be stabilized in one part, and deposit its metal 
content in another part of the ore body. SiO, colloids, once formed are 
very insensitive to electrolytes, and alumina forms a stable solution at this 
pH. So both of these could be quantitatively removed. 
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(5) Syneresis, and development of crystallinity on ageing followed. 
1 


Later, dying phase of tectonism might cause partial recrystallization 


CONCLUSIONS 


The distribution pattern of minor elements in gonditic Mn-ores clearly 
indicates that Mn and Fe passed through a colloidal phase before precipitation 


as the oxide ore. 
Such an assumption offers better explanation for some other features ob- 


served in the ore deposits. 


INDIAN INSTITUTE OF TECHNOLOGY, 
KHARAGPUR, INDIA, 
Sept. 21, 1960 
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ABSTRACT 
A laboratory study of the kinetics of limestone replacement by alkaline, 
fluoride-bearing solutions is presented. Data on the effects of tempera- 
ture, concentration (fluoride ion and cations), pH, calcite surface area, 
and flow rates on fluoride ion, Sr*?, Ce*®, and U( V1) removal are included. 


These data are discussed in relation to field occurrences of fluorite re- 
placement deposits. 


INTRODUCTION AND PREVIOUS WORK 


DwuRING a study of the replacement of limestone by phosphorite (1) fluorine 
was added to the alkaline limestone-altering solution as NaF. It was deter- 
mined that the presence of F did not appreciably affect the rate of formation 
of apatite, and also led to the discovery that alkaline, fluoride-bearing solu- 
tions, in the absence of PO,-*, can readily alter limestone to fluorite at 25° C 
and one atmosphere of pressure. A literature search revealed that Grayson 
(11) previously reported the acid reaction of HF with calcite. This paper 
presents a portion of the study of the fluoride-calcite replacement reaction in 
alkaline systems and the inclusion of U( VI), Sr**, and Ce** within the fluorite 
lattice during this reaction. 

Garrels and Dreyer (7) and Holser (16) discussed metasomatic replace- 
ment ore deposits in general, the former authors by studying replacement of 
limestone with supergene copper minerals. McKinstry (20) discussed the 


criteria of, and some reasons for, the occurrence of limestone replacement 
deposits. 


The replacement of limestones by fluorite has been known for some time. 
Many authors have previously reported field occurrences of fluoride meta- 
somatism (4, 3, 8, 13, 14, 17, 18, 21, 26, 27, 30, 28). Most of these authors 
either directly postulated that acid replacing solutions containing HF reacted 
with the limestone to form fluorite, or alluded to this reaction. Weller et al. 
(28) were the only authors to conclude that the fluorite-forming solutions 

1 Work performed under Contract No. AT (45-1)-1350 for the U. S. Atomic Energy 
Commission at General Electric Company, Richland, Washington 
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must have been neutral to alkaline. Sahama ( 


25) reported in a thermo- 
chemical study of the stability relations between fluorite, sellaite, and dolomite 
that both fluorite and sellaite are stable in dolomite at low temperatures. 

Peters (21) mentioned the reversibility of the reaction between fluoride 
solutions and limestone as a probable explanation for the corrosion or removal 
of existing fluorite. 

The occurrence of minor amounts of various cations in fluorite including 
the rare earths, Sr and U, was previously known (2, 9, 23, 5, 14, 22, 26). It 
was postulated by Heinrich (14), Green and Kerr (12), and Staatz and 
26) that U( VI) was substituting for 2Ca** within the crystal lat- 
tice of uraniferous fluorite. Weyl (29), on the other hand, reported that 
U( VI) could substitute for Ca** if four fluoride ions in the neighborhood of 


Osterwald ( 


the U( VI) were replaced by four oxygen ions. These uraniferous fluorite 
deposits included the Thomas Range, Utah (26, 27) where uraniferous fluorite 
occurs in pipes replacing a dolomite, the Daisy fluorite mine near Beatty, 
Nevada (18), the Monarch deposit in Beaver County, Utah (27), the Eagle 
Mountains, Texas deposit (8), and the Marysvale, Utah deposit (12). 

Gableman (6) pointed out the relationship between temperature of forma- 
tion and U content of Western United States fluorites. The radioactive 
fluorite deposits were characterized as low-epithermal while the non-radio- 
active fluorites were high-epithermal. 


METHODS OF INVESTIGATION 


The experimental equipment is shown in Figure 1. Prepared influent 
solutions were passed through standard Pyrex columns by a Lapp “Microflo” 
pump calibrated to deliver standardized flow rates through the calcite columns. 
Temperatures were maintained with blade heaters controlled with a thermo- 
switch. Influent and effluent solutions were collected and submitted to the 
\nalytical Laboratory of the Hanford Laboratories Operation for radio- 


analysis. Calcite surface area determinations and chemical analysis were 


1 
} 


by the same laboratory. The high-purity Sr** and Ce'** used in this study 


were obtained from Oak Ridge as chlorides, and the uranyl nitrate was a 
Hanford product. The nomenclature U( VI), rather than UO,** or uranyl, 
is used because the exact ionic species of the uranium in the high pH region 
covered during this study is uncertain. The other chemicals used were of 
reagent grade in distilled water solutions. There are no sufficiently long- 
lived F radioisotopes to use as tracers, which necessitated a different approach 
for the F removal studies 

A large volume (6 liters) of the NaF influent was passed through a calcite 
column under given experimental conditions. Instead of trying to analyze 
the effluent solution for F, the amount of CaF, in the calcite column at the 
termination of the run was determined by a modified Berzelius method (15). 

To allow direct comparisons between cation and anion removals, a dimen- 
sionless index, C/C,, is utilized. C, is the influent radioisotope or F con- 
centration and C is the effluent concentration. Thus (1-C/C,) (100) equals 
the percent removed from solution by the reaction while (C/C,) (100) equals 
percent remaining in solution. 
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There are several independent variables in a kinetic system of this type. 
These include flow rate, pH, temperature, calcite surface area, F concentration, 
and Ce’, Sr**, or U( VI) concentration. To study this system completely 
a factorial design would be required (10). Taking four points on each of six 
variables (pH 7,9, 11, 13; F = 0.1, 0.05, 0.03, 0.01 M etc.) would neces- 
sitate (4)° separate experiments. The experimental approach actually utilized 
here was not factorial, but was designed to yield trends between dependent 
and independent variables that would be comparable in their effect on F-, 
U(VI), Sr**, and Ce** removal. 
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Fic. 1. Experimental apparatus. 


“Standard conditions” were arbitrarily chosen that assured a reasonable 
reaction rate. While five of the above-mentioned variables were held at these 
standard conditions, the sixth was varied over ranges on both sides of the 
standard conditions (Figs. 3, 4, and 5). This procedure yielded a series of 
six curves that theoretically passed through a single point at “standard 
conditions.” 

Thus one may compare directly the data of Figures 2, 3, 4, and 5, except 
for the concentrations of the specific radioisotopes with that of F removal. 


RESULTS 


Table 1 gives a partial chemical analysis of the relatively pure calcite 
utilized in this study. 
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TABLE I 
PARTIAL CHEMICAL ANALYSIS OF THE CALCITE USED IN THIS STUDY 
Constituent Weight percent 


CaQ 52.90 
COr> 43.40 
SiO» 1.00 
MgO 1.96 
SrO 0.83 
Total Fe 0.01 
ALO 0.22 
H-O 0.16 


Total 100.48 


Figure 2 is a photomicrograph of an optical grade calcite rhomb partially 
replaced by fluorite. This replacement was accomplished by placing a calcite 
rhomb in a stirred, 0.5 M alkaline NaF solution for two weeks and photo- 
graphing a thin-section of the partially replaced calcite by reflected light. 
Note the well-preserved outline of the original calcite rhomb now cc ymposed 
of CaF,, and the banded appearance of the CaF,. This CaF, layer is 0.5 
mm at its greatest dimension. Much of this replacement layer was torn away 
during grinding and polishing of the thin-section, as can be observed in 
Figures 2 and 3. 

The subject of Figure 3, fluorite replacement along a cleavage crack in 
the original calcite, can be seen in the extreme lower left of Figure 2. A 
vestigial outline of the original calcite crack can be seen in the resulting 
fluorite. The fluorite crystals are elongated between the present calcite- 
fluorite interface and the outline of the original crack. It is obvious from 


Fic. 2. A calcite rhomb, sectioned parallel to 1011, showing the fluorite 
replacement layer. Cal =calcite. Fl = fluorite. 
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Figure 3 that F- has diffused down the original calcite crack and CO,-* back 
out. It is quite likely that this material transfer was intercrystalline. One 
cannot explain the high replacement rate if the material transfer took place 
via any other route (intracrystalline ) 

The alteration product was definitely identified as fluorite from X-ray 
diffraction patterns. The presence of one-molar concentrations of the com- 
mon anions NO,-, SO,-? and Cl along with fluoride ions in alkaline solutions 
did not significantly affect the CaCO, replacement by fluoride. On the other 





Fic. 3. Fluorite replacement of calcite along a cleavage crack in the original 
calcite. Cal calcite. Fl = fluorite. 


hand, the presence of PO,-* with fluoride ions always caused the formation of 
apatite (rather than fluorite) as the reaction product at alkaline pH. 

Because several fluorite replacement deposits are known to occur in dolo- 
mite, a portion of the dolomite-magnesite-NaF system was examined. Sella- 
ite did not occur as a replacement product of dolomite or magnesite under 
the experimental conditions of this study. Fluorite was the only stable 
fluoride up to 60° C, 0.5 M NaF, and one atmosphere of pressure. ; 

The passage of a 0.5 M NaHCO, solution through a 10g column of reagent 
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4. Fluoride ion removal during calcite replacement by alkaline, fluoride- 
bearing solutions. Fifty-gram calcite columns were used to obtain these data. 
All solutions contained 1 M NaCl in addition to their other constituents. 

Fic. 5. U(VI) removal during calcite replacement by alkaline, fluoride 
bearing solutions. Fifty-gram calcite columns were used to obtain these data. 
All solutions contained 1 WM NaCl in addition to their other constituents. 

Fic. 6. Ceric ion removal during calcite replacement by alkaline, fluoride 
bearing solutions. Fifty-gram calcite columns were used to obtain these data. 
All solutions contained 1 M NaCl in addition to their other constituents. 

Fic. 7. Strontium ion removal during calcite replacement by alkaline, fluoride- 
bearing solutions. Fifty-gram calcite columns were used to obtain these data. 
All solutions contained 1 M NaCl in addition to their other constituents. 
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grade CaF, yielded an initial CaCO, that was rapidly dissolved in the same 
solution as the bicarbonate. 

Figure + shows the effect of the several indicated variables on C/C, values 
for F. Note that the relationship between F removal and calcite surface 
area is approximately linear and directly proportional. Doubling the calcite 
surface area approximately doubles the amount of F removed from the system. 
Also of interest is removal of F with influent pH, which increases with de- 
creasing CaCO, stability in the system. Standard conditions are indicated 
on the various scales by the arrow that cuts across them. The reader should 
remember that only one variable at a time was changed while the rest were 
maintained at standard conditions. The failure of these curves to intersect 
at a single point represents the effects of experimental error. The magnitude 
of this deviation from the single theoretical point is an indication of magnitude 
of experimental error. 

Figure 5 illustrates the effects of the several variables on C/C, values 
lor U( VI) removal. The state of the uranium in this system was previously 
studied by McKelvey, Everhart, and Garrels (19) and there is little doubt 
that the uranium is present as U( V1) as specified. Here the C/C, values rise 
with increasing temperature as contrasted with the comparable behavior of 
the other cations studied. Calcite surface area and influent flow rates have 
less effect than with some of the other cations. 

Figure 6 gives the effects of the several indicated variables on Ce**® C/C, 
values. Note that these values are, on the average, considerably less than 
the corresponding values of U( VI) of F. The falling C/C, value for increas- 
ing Ce concentration is probably due to the precipitation of increasing incre- 
ments of Ce(OH), which effectively removes this Ce** from the kinetic 
system. 

Figure 7 shows the removal of Sr** as affected by the indicated variables. 
Note that the effect on Sr C/C, values is quite pronounced at the lower flow 
rates. 


DISCUSSION 


It is evident that acidic (< pH 7.0) fluorine-bearing solutions are not 
required to replace limestones and dolomites with fluorite. Experimental 
results indicated that the altering solution must be alkaline to avoid violent 
evolution of CO,. A CO,-?-rich influent solution replaced the fluoride with 
carbonate and may result either in a calcite deposit or complete removal of 
the calcite in solution. 

The phenomenon of increased cation removal and decreased anion removal 
with rising pH was encountered as reported previously by Ames (1) when 
PO,-* was the active anion 


Diffusion of anions to and from the reaction interface is rate-determining 
and independent of the diffusion rate of U( VI), Sr**, and Ce**. Diffusion in 
this instance is considered to be intercrystalline, i.e., the anions move between 
the resulting fluorite crystals to the reaction interface and back out as postu- 
lated by Holser (16). The crystallites formed by this reaction are very small 
(Fig. 2), and there is no necessity to postulate movement of anions back and 
forth through fluorite crystal lattices. Phosphate (PO,-*) diffuses in this 
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same manner apatite crystallites that replace limestone. The cations of the 
original CaCO, do not move during the replacement process, i.e., the CaCO 
does not go into solution and then precipitate the alteration product. The 
rate of diffusion does not change appreciably through 0 to 0.5 mm of CaF 
or apatite crystallites, if experimental conditions remain constant, but one 
cannot calculate diffusion rates for these anions unless all of the system vari- 
ables are known. These replacement reactions, calcite-apatite and calcite- 
fluorite, unlike the copper and iron chloride neutralization-precipitation lime- 
stone reactions reported by Garrels and Dreyer (7), do not cease due to the 
layer of reaction product formed on the limestone. The reaction reported 
here proceeds until the limestone, up to a known diameter of one millimeter, 
is completely converted to fluorite. 

Factors controlling CaCO, solubility are not the keys to limestone replace- 
ment processes, as postulated by Garrels and Dreyer (7). The solubility 
of the replacement product in a given solution in relation to the solubility of 
calcite in the same solution is a better guide to replacement processes, al- 
though this is also a simplification. Certain replacement reactions that would 
result in highly insoluble products do not proceed at measurable rates at 
temperatures up to 75° C. The replacement of SrCO, by SrSeO, is an 
example, or MgCO, by MgF. The activation energy for these replacement 
reactions is probably prohibitively high, resulting in extremely slow replace- 
ment rates 

Field occurrences indicate that the temperature of formation of nonura- 
niferous fluorite deposits is higher than that of uraniferous deposits (6). The 
reverse trend of U( VI) removal with temperature accounts for this low- 
temperature, uraniferous-fluorite association, assuming that there is uranium 
present in the limestone-altering solution. The U(VI) at higher tempera- 
tures may occur in a separate phase under the right conditions, or remain in 
solution. 

The probable cause of this lessened U( VI) removal with rising tempera- 
ture is the requirement that four F~ ions in the neighborhood of the U( VI) 
ion be replaced by four O-* ions, or (UO,)~* substitutes for the group (CaF ,)~*. 
Oxygen must be available in the influent solution for this substitution to occur, 
and the amount of oxygen dissolved in the solution is inversely proportional 
to the solution temperature. For example, in Figure 5 there are approxi- 
mately 0.0016 g of oxygen dissolved in 100 g of water at 75° C and one 
atmosphere. The U( VI) CC, value associated with this temperature is 0.47. 
At 25° C 0.0039 g of oxygen are dissolved in 100 g of water and the associated 
C/C, value should equal 0.0016/0.0039 = «/0.47, or 0.19. The C/C, value 
obtained experimentally at 25° C was 0.185. It does not follow that natural 
fluorite replacement deposits developed under one atmosphere of pressure, 
but it does follow that temperature affects the quantity of dissolved oxygen 
that in turn affects U( VI) substitutions. Additional study of this mechanism 
is under way. 

Sr*?, on the other hand, requires no lattice changes, and Ce** substitutions 
can be compensated electrostatically by omitting an occasional Ca‘? (2 Ce* 
for 3 Ca**). Reduction of the U(VI) to U(IV) is not required for sub 
stitution in fluorite any more than in apatite (1). The substitution of U(VI) 
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in apatite during the calcite-phosphate reaction follows the normal trend of 
increasing U( V1) removal with increasing temperature. 

The inclusion of Ce** and Sr** within the fluorite lattice is rather similar as 
regards C /C, values, while U( VI) shows considerably diminished C/C, values 
under comparable experimental conditions. The low C/C, values obtained 
for Ce** and Sr** indicate that these two cations can be present in all fluorites, 
regardless of temperature of formation. 

Sellaite was not a stable phase in the kinetic system dolomite-NaF. Field 
occurrences also indicate the absence of sellaite in fluorspar replacement de- 
posits of dolomite. The X-ray patterns of several samples from the Thomas 
Range, Utah deposits, showed no sellaite. Magnesite is the stable phase in 
the magnesite-NaF system within the experimental conditions of this study. 
During dolomite replacement, the stable CaF, remains behind while the mag- 
nesium is removed. The result is a boxwork structure for the remaining 
fluorite. 

It should be noted that surface area is directly proportional to the rate of 
reaction of calcite with alkaline, fluoride-bearing solutions. It follows, then, 
that higher permeability limestones should be replaced to a greater extent 
than lower permeability limestones in contact with the same replacing solution 
(24). Therefore, the “most favorable bed’ becomes relative from district 
to district, as postulated by McKinstry (20). 

One cannot assume that present-day limestone permeability measurements 
will necessarily be of value in indicating which beds were favorable for re- 
placement at the time of ore deposition. Further, it is unwise to emphasize 
the importance of this single variable in CaF, deposition. There are at least 
five more system variables that can be just as important and have little or 
nothing to do with the physical or chemical state of the limestone. One 
cannot flatly state that pH, temperature, CO, pressure, or some other simple 
variable is the most important in the replacement of CaCO, by CaF, when 
ore deposits could result from favorable conditions of any variable. 

During both the calcite-apatite and calcite-fluorite replacement reactions, 
only the anions of the replaced solid move into the solutions. The cations 
are essentially “fixed” during this lattice rearrangement. Garrels and Dreyer 
(7) reported a type of replacement reaction that involved movement of both 
anions and cations. Reactions involving movement of cations only, or move- 
ment of first the cations and then the anions, are now under study. The 


point is that the term “replacement” is exceedingly broad and includes many 
reaction types. 


The importance of these replacement reactions to geological processes is 
easily discernible. By adding a few parts per million fluoride to an alkaline 
solution, and passing this solution over a calcite bed, a fluorite deposit is 
formed by replacement with a solution whose original calcium and fluoride 
concentrations never exceed the Asp for CaF, in that solution. Cations, 
as such, need not be transported during replacement processes. 

GENERAL ELectric Co., 


RICHLAND, WASHINGTON, 
Oct. 11, 1960 
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ABSTRACT 


The Mattagami area comprises some 750 square miles approximately 
I | ) 
120 miles northeast of Noranda, Quebec. Less than 5 percent 


of the 
surface area is outcrop and glacial overburden averages about 75 feet 
with depths of 200 feet in places. 

Although the area has been prospected by conventional methods since 
1928, the original ore deposit was located by an airborne magnetic and 
electromagnetic survey followed by similar work on the ground. 

The zinc-copper ores of the area are irregular replacement deposits 
in a series of typical Keewatin lavas, tuffs and fragmentals. In general, 
the mineralized zone appears to extend around the west, northwest and 
north sides of an area of basic intrusives known as the Bell River complex. 
Lineal extent of this mineralized horizon is about 25 miles. 

lhe lava-tuff series dips moderately to steeply away from the central 
basic complex and ore deposits have been found on minor anticlinal 
flexures adjacent to a key tuff horizon in the series. 

At the end of 1959, published ore reserves for the area were 30 million 
tons averaging 12% Zn, 0.75% Cu, 0.02 oz. Au and 1.25 oz. Ag. Addi- 
tional ore is being added to this total by extensive diamond drilling. The 
ultimate potential of Mattagami is still unknown. 


INTRODUCTION 


THe Mattagami mining area comprises some 750 square miles between lati- 
tudes 49°25’ and 49°50’ north, and longitudes 77°15’ and 78°00’ west in 
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Fic. 1. Mattagami Area, northwestern Quebec, showing location and access. 


Abitibi-East County, northwestern Quebec. Access is from Amos, Quebec, 
a distance of 85 miles by aircraft or 110 miles by road (Fig. 1). 

Although prospected since 1928, and traversed by reconnaissance geo- 
logical surveys prior to that time, no important mineral discoveries were 
made in the district due to an extensive cover of deep glacial overburden. In 
May 1956, an airborne geophysical survey, carried out for the Mattagami 
Syndicate, located a striking coincidence of magnetic and electromagnetic 
anomalies, on the property of the present Mattagami Lake Mines. Following 
ground geophysical work, the first drill hole to test these anomalies collared 
in ore under 50 feet of overburden in June 1957. Subsequent drilling to 
test other geophysical anomalies in the area has resulted in the discovery of 
three other orebodies, and a number of potential orebodies. 

To date, all ore in the district has been disclosed by diamond drilling, 
which has reached a total of at least 600,000 feet, and knowledge of the geology 
of the district is derived, largely, from examination of these drill cores. 
Underground development of the Mattagami Lake Mines orebody, which is 
now in progress, is expected to add to present geological information. 

The purpose of this paper is to summarize the geological facts known to 
date and thereby to establish a framework on which further detailed geologic 
work, based on underground mapping and more closely spaced drilling, can 
be established. It should be understood that hypotheses suggested herein 
may be modified or discarded in the future. 


GENERAL GEOLOGY 


The consolidated rocks of the area are of Precambrian age and, with the 
exception of very late lamprophyre and diabase dikes and of the younger 
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plutonic intrusives, the whole assemblage has been highly metamorphosed. 
Many of the flow rocks have been converted to masses of chlorite, carbonate, 
and quartz with no original structures remaining. In some cases, megascopic 
examination of lengths of drill core suggest that the original structure was 
that of a pillow lava, amygdaloidal flow, or of a massive plutonic intrusive. 
These designations, as used herein, are not the definitely determined counter- 
parts of such classifications used for rocks in the western United States, for 
example, and this limitation should be borne in mind in reading the descrip- 


5 aes 


tions below. 





raGaM! 


MATTAGAMI LAKE AREA 
GENERAL GEOLOGY 








GEOLOGIC MEY 
DIABASE DIKES 
GRANITE. QUARTZ DIORITE 
GABBRO. ANORTHOSITE, PERIDOTITE 
SEDIMENTS 
INTERMEDIATE to BASIC VOLCANICS 
G9 AC/D VOLCANICS 
MINERAL OEPOSITS 
MATTAGAMI LAKE 
ORCHAN 
NEW HOSCO 
RADIORE ' aenene he Y 
GARON LAKE | The 











Fic. 2. General geology of the Mattagami area showing location of the 
most important mineral deposits. 


As shown in Figure 2, the Mattagami area covers the northwestern nose 


of a zone of basic intrusives, described previously as the Bell River complex, 
and surrounding areas of basic to acidic volcanics. 

With the presently mapped shape of the Bell River complex as a starting 
point, the older Keewatin lavas appear to be wrapped around this intrusive 
complex with a more or less symmetrical distribution in which the lower lavas 
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are closest to the margins of the main mass. The stratigraphic thickness 
of this series of encompassing flow rocks may be of the order of 15,000 feet. 

The flows, themselves, vary only slightly in original composition and are 
separated by zones of flow top material and tuff. Since any lava series is 
irregular and discontinuous in distribution, no real “stratigraphic section” 
can be determined. However, drilling to date has established that no sedi- 
ments of importance are present in the main volcanic series. 

Two areas of sediments are found in Mattagami. One east-west trending 
band about 4 mile wide outcrops on the north shore of Mattagami Lake and 
has been intersected in drilling from the south shore under the lake itself. 
This band is terminated on the east by later gneiss and extends west for a 
distance of more than 50 miles. 

A southern zone up to 4 miles wide trends north of west, 1 to 3 miles 

south of the Bell River complex and has been traced east of the Mattagami 
area for at least 60 miles. Both zones are made up of similar rocks: gray- 
wackes, slates, arkoses and conglomerates with iron formation and graphite 
bands. 
To the north, east and south, the Mattagami area (with a width of about 
miles) is almost entirely surrounded by younger granitic intrusives and 
gneisses. Genetically related quartz porphyry and feldspar dikes occur 
throughout the area. All these later rocks, presumed to be post-Keewatin 
in age, are cut by relatively unaltered Keweenawan dikes of diabase and 
lamprophy re. 


25 


The general stratigraphic sequence for this portion of Northwestern 
Quebec is given in Table 1, which is modified from Longley (15). Only 
brief reference will be made herein to the large areas of acidic intrusives that 
surround the older rocks in which the orebodies occur. Detailed descriptions 
of these acidic rocks may be found in a number of the references listed below. 

Keewatin (?) Volcanics—The assumption that the rocks of this series 
are Keewatin in age is based solely on their strong resemblance to Keewatin 
volcanics in other Canadian areas. 

The lowest and oldest member of the Keewatin is exposed in a number of 
outcrop areas adjacent to the contact of the Bell River complex, and his been 
drilled to depths of 1,500 feet or more. It is an acid volcanic series which, 
on the basis of presently known structure, is on the order of 6,800 feet thick. 
It is a fine-grained, dense, massive, light-colored rock with quartz pheno- 
crysts (mostly less than I mm in diameter) and has been classified as a 


rhyolite. In some specimens a few feldspar phenocrysts, generally acid plagio- 


clase with some orthoclase, are also present in a fine-grained granophyric 
and highly chloritized groundmass consisting of very fine feldspar and quartz. 
soth the quartz and feldspar phenocrysts have corroded borders indicating 
resorbtion. 

Throughout the Keewatin the numerous flows are separated by tuffs and 
flow top zones, and some flows are amygdaloidal and pillowed. It is probable 
that more tuffaceous material is present than can be recognized from examina- 
tion of drill cores. Longley’s illustration, Plate 111A (15), which shows 
a series of thin flows of massive lava separated at one or two foot intervals 
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by an inch or two of tuff, illustrates my impression of some sections of this 


drill core. Both tuffs and agglomerates occurring in the area have sometimes 


been referred to as “waterlain” but there is no available evidence to support 
this conclusion. In any case, the series in the immediate vicinity of the ore 
deposits, is highly altered and converted to chlorite schists within which 
the small quartz eye phenocrysts are the only constituent readily identified. 
This horizon is the one carrying the largest volume of replacement sulfides. 

Overlying the rhyolite porphyry is a tuff horizon that has been identified 
and traced throughout the volcanic sequence and varies in true thickness up 
to 25 feet. It has been designated “K.T.” for key tuff horizon and is almost 
invariably mineralized with sphalerite, chalcopyrite and pyrite. Generally it 


rABLE 1 


Unconformity 


Gabbro (Diabase) Dikes- Keweenawan ( ?) 


Silicic dikes of various ages: granite, syenite, diorite, rhyo- 


lite, pegmatite, aplit« 
Post-Keewatin Kitchigama granite : biotitehornblende granite 
intrusives Olga quartz-diorite hornblende granite, quartz-diorite 
Mattagami gneiss: biotite diorite gneiss 
Dunlop intrusive: granite, syenite, monzonite, diorite 
Bell River complex: gabbro, anorthosite 


Migmatite: probably volcanic and sedimentary rocks, recrys- 


tallized and abundantly intruded by granitic material 


Intrusive Contact 


Late or Post ittagami sedimentary series: conglomerate, banded argil- 
Keewatin Sedi- lite, graphite, graywacke, arkose 
ments 


Inconformity (?) 


Keewatin (? assive, ellipsoidal, and fragmental volcanic flows and tuffs. 


is thin banded—with these minerals forming the various bands—commonly 
it is cherty with chalcedonic quartz, and varies in color from light to dark 
gray. In some cases, it is completely replaced by ore minerals and it is 
thought to be the cap-rock or ponding horizon overlying most of the replace- 
ment ore deposits Where extensively broken, ore minerals have passed 
through this tuff to form low grade “leakage” zones, or in places, to form 
mine grade ore deposits in the overlying andesites. 

Above the key tuff horizon is a series of andesitic lavas (some of which 
are separated by narrower local tuff zones) approximating 1,300 feet in true 
thickness and again capped by a similar tuff horizon, here designated as the 
“J.P.” tuff. These flows have been separated as: 





J.P. tu ine graine thin banded, slightly 

mineralized, and similar to K.T., 
Spherulitic pillow lava, andesitic composition 200-300 
Amygdaloidal pillow lav ndesitic composition 125-165 
Spherulitic pillow lava, andesitic composition 80-435 


Massive, coarse lava, andesitic composition 63— 78f 


Amy gdaloidal pillow lava, andesitic composition 575 
rotal section approximately ,300 


“ie Bee 25 


Under the microscope the spherulitic pillow lava (referred to in the above 
section) has a fine grained dark colored matrix in which abundant single 
or clustered, spherical, light colored areas, about 0.1 inch in diameter are 
distributed. The spherules are not nearly so apparent in thin section as 
they are megascopically, and are only vaguely outlined by strings of ilmenite 
grains or carbonate zones. The rock is made up of cherty silica, chlorite, 
carbonate and ilmenite, with the ilmenite largely altered to leucoxene. 
Chlorite constitutes most of the groundmass and the spherules are composed 
of cherty aggregate. A few small quartz phenocrysts appear in some sec- 
tions, suggesting that these andesites may be more closely related to rhyolites 
than appears from megascopic examination. All sections and all drill cores 
examined show many veinlets of quartz and carbonate of secondary origin. 

In general, the massive andesite lavas have been altered to chloritic schists 
with considerable amounts of epidote and zoisite, and clusters of carbonate 
and quartz. Most sections show leucoxene as an alteration product of the 
original ilemite. Amygdaloidal sections have fillings of quartz, carbonate 
and a few sulfides in the amygdules. 

Above the “J.P.” tuff horizon another series of andesitic lavas, approxi- 
mating 3,000 feet in thickness, and of similar make-up, has been found in 
drilling to the southwest of the main ore zone area. These lavas are less 
altered than the underlying rocks and are characterized by relatively thin 
flows varying from 350 to 900 feet thick with typical scoriaceous flow top 
layers commonly followed by amygdaloidal zones grading into massive, coarse 
lava at the center, followed by a lower amygdaloidal zone and a fine-grained 
base resting on the next succeeding flow top. 

The volcanic section described above is overlain by a non-drilled strati- 
graphic gap, of approximately 2,000 feet, above which an acidic volcanic 
series has been drilled. These volcanics are at least 1,700 feet in true thick- 
ness and comprise two or more flows with scoriaceous flow tops and spheru- 
litic pillow lava sections. As is so commonly the case in Keewatin lavas, 
a great deal more information can be obtained from examination of the rare 
outcrops or of the drill cores than from thin sections. In hand specimen 
the rock is a hard, creamy yellow or light gray, dense, fine grained lava gen- 
erally exhibiting marked foliation. Under the microscope the very fine min- 
erals are resolved into cherty quartz and sericite with stringers of secondary 
quartz and carbonate. Fine pyrite commonly occurs along foliation bands. 
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Within the Keewatin lava series the occurrence of tuffs, fragmental lava 
zones and flow tops at various horizons has been mentioned above. In some 
localities these widen into coarse agglomerate horizons carrying numerous 
irregularly shaped “bombs” as at Inlet Rapids (15) and also at the New 
Hosco Mines. At New Hosco, the agglomerate attains widths of 400 feet 
and is the host rock for the ore deposit, just as the “K.T.” tuff horizon forms 
one of the host rocks for the ores of Mattagami Lake and Orchan Mines. 

Mattagami Sedimentary Series—The sedimentary rocks of Mattagami 
have been described in detail by the Quebec Department of Mines and Cana- 
dian Geological Survey workers in the district (see References) and com- 
prise a rather uniform assemblage of graywackes, slates, arkoses and con- 
glomerates. Although these rocks are known to overlie the lava sequence 
described above, and have been found in contact with them in recent drill 
holes, no definite evidence of angular unconformity, or of disconformity, has 
been found between the two series. However, it is considered possible, if 
not probable, that these sediments are correlatives of the Temiskaming series 
in adjacent areas of the Canadian Shield. 

Recent development work has added to our knowledge of this series by 
emphasizing the presence within them of massive pyrrhotite zones and of 
graphite bands and associated marcasite-pyrite zones. These stand out 
strikingly on both airborne and ground electromagnetic surveys as prominent 
conductors. In places, pyrrhotite concentrations with some accompanying 
pyrite, in massive sulfide bodies up to 300 feet in width, have given impetus 
to extensive diamond drilling programs. These bodies, known by prospectors 
throughout the Chibougamau-Mattagami area as “Pyrrhotite Dikes,” or more 
descriptively as “Grandmother Pyrrhotite,” seldom carry more than a few 
hundredths of a percent of copper. It is also significant that they carry little 
or no zinc, in an area that is predominately characterized by the presence of 
that element. 

Marcasite is ubiquitous in the sulfide-bearing graphitic horizons and, in- 
deed, comprises more than 70 percent of the sulfides in the drill hole inter- 
sections of such horizons that I have examined. Pyrite makes up most of 
the balance, with some pyrrhotite and minute amounts of any or all of the 
following : copper, zinc, lead, gold and silver. 

In my opinion, these are syngenetic deposits, derived in some manner from 
original sulfides. However, the conclusion is inescapable that these sulfides, 
and those of the mineable orebodies, are not related in origin. 

Intrusives——Only those intrusives occurring within the main Mattagami 
mineralized area will be discussed in detail herein. 

The Bell River Complex.—As mapped by Government geologists work- 
ing in the district (8, 9, 10) the outline of this intrusive mass is elliptical. 
Its boundary contacts and interior extent are based on the surface exposure 
of not more than 5 percent of the total area of approximately 70 square miles. 
Results of recent geologic mapping and diamond drilling have shown that 
large included areas of Keewatin lavas are present within the general outline 
of the intrusives, and that numerous smaller bodies of intrusive material 
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(surrounded by Keewatin lavas) are present outside the original mapped 
boundaries. 

‘These plutonics vary slightly in composition from gabbro to anorthosite 
and peridotite. All carry some magnetite and ilmenite and are composed of 
massive to pseudo-porphyritic, dark green to black assemblages of serpen- 
tinized olivene and pyroxene. Under the microscope the structure is generally 
that of a gabbro with the original augite altered to hornblende and the feldspars 
to epidote and zoisite. In most cases the lighter colored, phenocryst-like 
masses, are composed of secondary material, largely epidote. 

From examination of drill cores and thin sections, it is apparent that all 
of these gabbroic intrusives are related, genetically, and, therefore, that the 
conception of the main Bell River complex as another Sudbury or Bushveldt 
type of intrusive is erroneous. In the Mattagami Lake-Orchan mineralized 
area, this intrusive takes the form of both sills and dikes, the sills appear to 
be conformably overlying orebodies in places and the dikes definitely cut 
orebodies elsewhere. 

Acid Dikes.—All volcanics, sediments and gabbroic intrusives are cut by 
later acidic dikes presumed to be related to the acidic plutonic intrusives of 
the area. These dikes include both quartz and feldspar porphyry types and, 
rarely, granitic dikes. The most prevalent type is the feldspar porphyry in 
which medium-grained subhedral phenocrysts of alkali feldspar are set in a 
groundmass of very fine-grained alkali-feldspar, quartz, chlorite and white 
mica. 

Granitic dikes are somewhat lighter in color than the feldspar porphyry 
types and generally exhibit a pink tinge. Phenocrysts are predominately 
quartz, although some feldspars may be present, and the groundmass is made 
up of a mozaic of untwinned feldspars and quartz with abundant little nests 
of intensely pleochroic green chlorite. The chlorite is probably an alteration 
product of original biotite. 

Diabase and Lamprophyre Dikes—The youngest, and least altered in- 
trusives in the area, are the large throughgoing diabase dikes and the narrow, 
discontinuous lamprophyre dikes that intersect the orebodies. The diabase 
dikes are up to 200 feet wide in places and are traceable across the country 
in a general N 30° E direction by magnetic contours determined by airborne 
surveys. A few outcrops of this rock type confirm the location and trend of 
these dikes. 


In weathered surface the rock is light gray and extremely coarse in the 
central portions, but with fine grained chilled edges. In thin sections these 
rocks are found to be made up of a diabasic mat of plagioclose laths and 
interstitial diopside in places altered to secondary amphibole, with some mag- 
netite and ilmenite as accessories. This diabase is much less altered and 
obviously younger than the gabbro-peridotite-anorthosite series of the Bell 
River complex suite. 


Lamprophyre dikes that cut the orebodies and the Keewatin volcanic 
series are of two types—biotite (minette) lamprophyres, and hornblende 
(spessartite) lamprophyres. Both are dark colored, highly altered to chloritic 
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masses and resemble chloritic, silicified, carbonated schists in thin section. 
Che chlorite is frequently closely packed in augen-like units with the long 
axes showing rough parallelism. Differentiation between the two types is 
based on the presence of euhedral and subhedral phenocrysts of brown biotite 
(largely replaced by chlorite) in the minette dikes. 


STRUCTURE 


All the rocks of the Mattagami area have been intensely folded, schisted 
and altered by hydrothermal and magmatic invading solutions. Most of this 
folding and alteration probably occurred in the late Precambrian since the 
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Fic. 3. Structural setting typical of the Mattagami area. 


Keewenawan diabase-gabbro dikes are relatively fresh and unaltered. The 
lamprophyres, which cut the orebodies are also later than the folding and are 
unmineralized, although their biotite and hornblende constituents are gen- 
erally altered to chlorite. 

The older gabbro-peridotite sills and dikes were undoubtedly intruded 
into the Keewatin volcanic-sediment series before and during the main 
period of folding. Some of the dike-like portions of this intrusive obviously 
came in after most or all of the original folding was completed. 

From the fragmentary evidence available to date, it is suggested that a 
major anticlinal axis, trending approximately N 60° W, was formed in the 
general area of the presently mapped Bell River complex and that the Kee- 
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watin volcanics and overlying sedimentary series formed a surrounding shell 
of this major fold. This structural pattern conforms with Longley’s (15) 
original concept of the area but not to Freeman’s postulated synclinal struc- 
ture (9, p. 31). The Mattagami volcanic series appears to be anticlinal in 
pattern, since the flows, with the “K.T.” tuff as a horizon marker, trend 
N 45° to 60° W through central Galinee Township and dip southwest, away 
from the central Bell River complex area, at 30° to 55 





— 




















Showing occurrence of the smaller Mattagami orebodies on crests of 
minor flexures. 


Along this portion of the major anticlinal structure, ore deposits have 
been emplaced on the crests and flanks of local folds, particularly those with 
sharper than average flexure. This is certainly the case at Mattagami Lake 
Mines where the ore occupies the crest and west limb of a northwesterly 
plunging anticline (Fig. 3). Immediately northeast of this mineralized anti- 
cline is a synclinal shaped sill of peridotite-gabbro that probably represents 
a local minor roll in the main structure. At Orchan, southeast of Mattagami 
Lake, the orebodies have been found on the crests and sides of smaller sub- 
sidiary rolls on the flanks of the main structure (Fig. 4). Southeast of 
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Orchan the Newmont mineralization is also located on a local minor flexure. 

To date faulting, as differentiated from strong shearing and schisting, 
which is prevalent throughout the mineralized area, has been considered of 
minor importance. However, some local faulting does occur and north- 
south faults cut off the structure at the New Hosco and Radiore properties. 
Recent drilling results on the Orchan suggest that a fault zone trending almost 
north-south and with a near-vertical dip, may have offset the No. 2 and 
No. 3 orebodies. Resultant dislocation in this area would involve a hori- 
zontal movement of more than 200 feet and a vertical displacement of 150 
feet with the west side moving south and down. Details of this dislocation 
are still being determined by current diamond drilling. 


ECONOMIC GEOLOGY 


General.—The ores of Mattagami are typical epigenetic replacement de- 
posits. They are related to the igneous intrusives of the area as indicated 
by their geologic environment and mineral association. All ore deposits and 
mineralization of importance occur within a thick series of Keewatin volcanics 
with no associated sediments. Overlying sediments, possibly of Temiskaming 
age, have numerous occurrences of pyrrhotite, marcasite, and pyrite zones, 
associated with graphitic schists. In some cases, these sulfides carry very 
minute quantities of copper, zinc, and lead. These appear to be syngenetic 
in origin and are in no way associated, either in time, space or origin, with 
the ores of the district. 

The Mattagami ores occur in a zone surrounding an area of basic in- 
trusives. These intrusives, diorite to gabbro in composition, are found wher- 
ever ore has been discovered to date, carry some of what are thought to be 
the later minerals, and cut sections of the orebodies as later dikes. 

Mineralogically, the orebodies are intimately associated with hydrothermal 
minerals and the alteration zones in which they are found are typical chlorite, 
sericite, tale schists with epidote, silica and carbonate. Replacement is ir- 
regular and follows a structural rather than a stratigraphic pattern. 


Mattagami Lake—Orchan.—This area comprises the center of important 
mineralization of the district and includes five orebodies distributed over a 
total lineal distance of 6,700 feet (Fig. 5). The largest orebody (Mattagami 
No. 1), at the northwest end, extends from sub-overburden (at about 50 
feet) to depths of 900 feet or more, while the deepest ore, (Orchan No. 3) 
at the southeast end of the zone, is located between 700 and 1200 feet below 
the surface. These orebodies are all found on the crests or sides of a major 


anticlinal fold, or on subsidiary minor flexures on the southwest side of the 
main structure. About one mile to the southeast similar mineralization has 
been drilled on another minor fold structure. 

The position and attitude of the main mass is illustrated in Figure 3 
which is a northeast-southwest vertical section through the central portion 
of the Mattagami Lake No. 1 orebody along line 400 west. In this ore- 
body, as in most of the others, the high-grade massive sulfide zone occurs in, 
and beneath, the “K.T.” tuff horizon, replacing it completely and also re- 
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placing considerable thicknesses of the underlying rhyolite porphyry. The 
anticlinal structure trends N 60° W and plunges in the same direction at 
30° to 40°. The “K.T.” tuff horizon appears to have had a ponding effect 
on the mineralizing solutions, which probably entered the rock series along 
a heavily schisted zone found to occupy the axial plane and central portion 
of the fold. This schisted zone has been determined by drilling to dip steeply 
northeast and, possibly in consequence, the southwestern limb of the structure 
is more heavily mineralized. 
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Showing distribution of the orebodies in the area of principal 
mineralization. 


A peridotite-gabbro mass, in the form of a shallow sill, occupies the 
northeast side of the fold in the main ore area, and dikes of related material 
cut the orebody in various directions and forms. 

Sulfides characteristic of Mattagami are pyrite, pyrrhotite, sphalerite, and 
chalcopyrite. Galena and molybdenite have been noted, but are rare. Mag- 
netite is commonly, although not invariably, present in the orebodies and 
locally, may constitute as much as 30 percent of the whole. It occurs both 
in disseminated grains and in stringers and splashes, commonly with intro- 
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duced quartz and carbonate. The ores vary from 100 percent of the above 
minerals for vertical thicknesses of as much as 400 feet to low-grade min- 
eralized chloritic and tale schists with decreasing sulfides. The lower por- 
tions, and commonly the sides and central portions, of all orebearing struc- 
tures are made up of various types of talc-chlorite-soapstone schists with 
scattered pyrite, pyrrhotite, and chalcopyrite (Figs. 3, 4). Although small 
splashes of sphalerite also are found in these schists, its occurrence is not as 
common as that of chalcopyrite. 

Over 30,000,000 tons have been outlined to date on Mattagami Lake 
and Orchan, largely by vertical diamond drill holes spaced at 100 foot intervals. 
The general grade is: 12% Zn, 0.70% Cu, .02 ozs. gold, and 1.25 ozs. silver. 
Orchan ore is slightly higher in copper with an average of 1.25 percent. 

No detailed microscopic work has been done on the ores to date and the 
exact sequence of mineralization is not established. However, megascopic 
examination of drill cores and limited thin section work suggest that the 
sequence may be: 1) magnetite, 2) pyrite, 3) pyrrhotite, 4) sphalerite, 5) 
chalcopyrite, 6) pyrite. At least two and possibly three, ages of sphalerite 


are known to be present, with the type of lower iron content appearing later. 


Pyrrhotite and chalcopyrite are commonly in close association and many of 


the gabbro-peridotite-anorthosite intrusives of the area carry minor amounts 
of these minerals. Although it has been suggested (14, 18) that some of 
these occurrences are of the magmatic differentiation type, all that I have 
seen appear to be introduced. 

Hydrothermal alteration is characteristic of the area and involves silicifica- 
tion and chloritization. Sulfide emplacement was preceded by a wave of 
silicification resulting in the complete saturation of large areas of volcanics 
with silica and the introduction of quartz plus carbonate in a lacework of fine 
stringers. In addition, most of the ferromagnesian minerals were altered 
to chlorite and secondary hornblende. Dark green to black solid chlorite 
masses occur in short sections within the sulfide bodies and closely adjacent 
to them on or near their edges 

Particularly in the vicinity of sulfide masses, the peridotite-gabbro in- 
trusives are altered to talc-soapstone. Chlorite schists and talc-soapstone 
schists developed by hydrothermal alteration in heavily sheared areas are 
common enough to be mapped separately, as shown in Figures 3 and 4, and 
surround the orebodies in an alteration halo. Generally this halo does not 
extend above the “K.T.” tuff but lies beneath it and the orebodies. 

No true zoning of metallic mineralization has been established. Refer- 
ence has been made to possible zoning (14), and it appears that higher grade 
zinc ores tend to top in the tuff horizon on the crests and sides of folds, while 
copper values are most prevalent in the chloritic schists occupying the central 
portion of an individual structure. However, higher than average grade zinc 
and copper values have been intersected in drilling both combined and 
separately-——in locations which do not fit any presently postulated zoning 
pattern 

Assaying of the “K.T.” tuff horizon in holes surrounding the various 
orebodies has shown that a halo of decreasing zinc values (in all directions 
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away from the orebodies) can be mapped, and conforms to the major shape 
and direction of individual sulfide masses. 


North Rim Occurrences 


New Hosco Mines.—It has been suggested that this property, located 7 
miles northwest of Mattagami Lake Mines, lies on the nose of the Keewatin 
mineralized structure that surrounds the Bell River complex. The country 
rocks are similar and the New Hosco agglomerate, which contains local tuff 
horizons, might then correlate with the “K.T.” tuff horizon of the main area. 
However, no evidence has yet been found of a swing of the structure to the 
north and east. If such a sharp fold occurs it must be located west and 
north of New Hosco. 

The rhyolite porphyry, at the base of the generalized section given below, 
has been reported to correlate with that horizon in the main area. At New 
Hosco its northern contact lies some 800 feet south of the ore zone. Flow 
top data to the north suggest that tops face north (11). 

However, four miles southeast of New Hosco, at the closest established 
location of the “K.T.” horizon, it and the adjacent flows appear to be swing- 
ing almost due west. If not interrupted by faulting or folding, this con- 
tinued trend of the series would place the New Hosco section some distance, 
stratigraphically, beneath the ore horizons of the main area. In this case 
the “K.T.” horizon and associated flows might correlate with similar rocks 
outcropping in Ste. Helene Township some 20 miles to the west. 

A generalized north-south section through the New Hosco mineralized 
zone, comprised of steeply north dipping flows, would be: 


rhickness 


in feet 
Trachyte or Rhyolite Porphyry 1,000 + 
Andesite, finer grained on top and bottom 250 
Gabbro Dike 


Agglomerate, with local tuff sections 
The ore horizon 300-400 


indesite 150 
Gabbro, main intrusive 700—1,200 
Andesite 300 


Rhyolite Porphyry 1,000 + 


In addition to the main gabbro sill, the flows are cut by dikes of gabbro, 
diorite, quartz feldspar porphyry, diabase, and lamprophyre. 

The ore minerals are similar to those described above but are more dis- 
seminated and with fewer massive sections. Average content of the ores 
is reported (11) as: 


Pyrit 
Magnetite 
Chalcopyrite 
Pyrrhotite 
Sphalerite 


Total 
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The sphalerite is confined mainly to the north or northwest side of the 
main pyrite-chalcopyrite ore zone. In many ways the chalcopyrite mineral- 
ization is similar to that of the talc-chlorite schist halo zones of the main 
area. Certainly, greenish black chlorite is the most common gangue mineral. 
Brown weathering ferrunginous carbonate (possibly ankerite) is also a note- 
worthy gangue mineral and is present as veins, stringers, irregular splashes, 
and disseminated impregnations 

The orebody consists of irregular lenses with varying chalcopyrite content 
in pyritic zones within the agglomerate on the north side of, and adjacent 
to, a bulge on the side of the main gabbro mass. The mineralization occurs 
beneath 25 feet of overburden for a strike length of 750 feet and plunges 
west at about 50 degrees. It has been drilled down this plunge for 650 feet 
where it apexes about 1,000 feet beneath the surface. It is reported to be 
open to the west and at depth 

During 1958-60, some 140,000 feet of diamond drilling are reported by 
the company to have indicated 2,447,000 tons averaging 2.64% Cu; plus 
958,000 tons averaging 7.96% Zn, in zones separate from the copper ore. 


Radiore Mines—The two most recent discoveries made in the district 


(both by drilling of geophysical anomalies) are located on the property of 
Radiore Mines, eight and ten miles, respectively, east and slightly south of 
New Hosco. These locations are five and five and one-half miles northeast 
of Mattagami Lake Mines (Fig. 2). Both zones occur within a volcanic 
rock series similar to those of the other properties, but in this case, forming 
an inlier about 34 miles long and 4 mile wide within the main mass of the 
Bell River complex. 

Over 20,000 feet have been drilled to date in 59 holes, concentrated largely 
on the two zones, but including some wide-spaced drilling for geologic in- 
formation. 

The western zone strikes slightly north of west and dips steeply north. 
Replacement pyrite, pyrrhotite, chalcopyrite, and some sphalerite mineraliza- 
tion occur in a tuff-rhyolite porphyry series. 

The second zone, about 8,000 feet southeast of the first, is located under 
the Bell River between a small off-shore reef and the eastern shore. Similar 
copper-zine mineralization trends north of west and dips steeply south. It 
has been drilled for only a few hundred feet along strike and details of its 
attitude, size and grade are yet to be determined. 

Both Radiore zones, in mineralization and geologic setting, appear to be 
more closely related to the New Hosco mineralization, and to that found in 
the chloritic schist zones of the central portion of the structures in the main 
area, than to the massive zinc-copper-pyrite bodies that constitute the prin- 
cipal ore tonnage of Mattagami. 

3oth mineral zones occur in altered rhyolite porphyry associated with a 
tuff horizon and adjacent to gabbro-peridote intrusives, a similar geologic 
setting to that of the main ore area to the southwest and to that of New 
Hosco to the west and Garon Lake to the east. 

Garon Lake Mines.—This deposit is located in another volcanic inlier 
within the Bell River complex, north of, and parallel to, that containing the 
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Radiore mineralization (12). It is about 2 miles east of the Radiore east 
lens and 7 miles northeast of Mattagami Lake Mines. 

Again the discovery was due to airborne and ground geophysics since 
the ore-bearing area is covered by overburden. Almost 9,000 feet of dia 
mond drilling in 20 holes have indicated the presence of two en echelon ore 
zones 10 to 25 feet wide and dipping north at about 85 degrees, within a 
strike length of 800 feet. Both zones plunge at 60° to the east and occur 
in a tuff horizon some 300 feet north of gabbro of the complex. The strike 
of these zones is slightly north of west conforming with that of the volcanic 
inlier. 

Geologists working on the property have divided the country rock into 
the following general field classifications (12): 


Amphibole gneiss (tuff), light gray green, fine grained with fine banding. 

Amphibole feldspar quartz gneiss, called “andesite” as a field term, but 
probably an acid pyroclastic. 

Siliceous biotite chlorite rock, with fine banding. 

Hornblende granite, pink and gray in color 

Basic Rock, a gabbro, dark green and coarse. 

Rhyolite, cherty, occasional very fine banding. 


Sulfide make-up of this deposit is similar to that of the others except 
that sphalerite is present in much lower amount and magnetite is present 


in significant volume. Again chloritization and silicification are the most 
important alteration processes. Mineralization in the ore zones varies from 
70 to 100 percent sulfides and magnetite. 

Ore reserves have been estimated at 260,000 tons of 2.12 percent with 
no zinc average included 


Origin of the Ores 


The Mattagami ores are typical introduced epigenetic replacement de- 
posits. The various ore zones all occur in a thick volcanic series in close 
proximity to later gabbro-peridotite intrusive masses. It has not been de- 
termined yet whether these basic intrusives, which appear to be closely pre- 
ore, or contemporaneous in age, have any genetic relationship with the min- 
eralizing solutions. Both pyrrhotite and chalcopyrite have been introduced 
into the gabbro but no sphalerite has been found in these rocks. It is possible 
that their inevitable proximity to orebodies may be explained on a struc- 
tural basis. 

In many places the ores have an extremely sharp and well defined contact 
with the enclosing rocks and contain “xenoliths” of the country rock, in 
many places completely altered to chlorite. Similar occurrences are charac- 
teristic of the sulfide deposits of New Brunswick, of Manitoba and of other 
Quebec areas. I have the distinct impression from the field evidence, that 
the major portions of these orebodies (and I include those referred to above 
as well as the Mattagami ores) were emplaced as end products of the liquid 
magma phase of the consolidation of the material that also produced the 
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gabbro-peridotite bodies. If the sharp contacts and enclosed xenoliths were 
observed in a lamprophyre or diabase dike they would be instantly recognized 
as such by most geologists. 

Hydrothermal alteration and replacement processes also played an im- 
portant role in the Mattagami mineralization, as mentioned above. In a 
recent issue of this journal (19) Reno Sales has re-iterated the importance 
of these processes and has emphasized the proximity of both acidic and basic 
plutonic intrusives to major ore areas. The possibility of a syngenetic origin 
for the Mattagami ores has been suggested (14) but since there are no 


related sediments in the ore-bearing series, the reference is obviously to the 


Mattagami sediments, and the mineralization within them. As stated above, 
these sediments carry large volumes of pyrite, marcasite, and pyrrhotite, 
mostly completely barren, but in a few places accompanied by minute amounts 
of zinc, copper, and lead. 

It is apparent that the two types of mineralization in the area are not 
related in occurrence or origin. 


FUTURE DEVELOPMENT 


With less than 5 percent of the rock surface area available for examina- 
tion and the information from approximately 600,000 feet of diamond drilling 
(largely for ore blocking purposes) it is obvious that knowledge of the mine- 
making potential of the area is limited. However, more than 30 million 
tons of ore have been discovered in this district within the past three years. 
Important mineralization has been found over a lineal distance of 20 miles in 
a favorable geologic setting. At least 80 percent of the potential mine- 
discovery zone remains unexplored and it is probable that new mines will be 
discovered. 
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CRYSTAL HABIT AND TRACE ELEMENT CONTENT OF 
SOME GALENAS 


ROYAL R. MARSHALL AND OLIVA JOENSUU 


ABSTRACT 


Galenas from the Upper Mississippi Valley district, the Picher field, 
and the southwestern United States were analyzed for a number of trace 
elements by emission spectroscopy. Quantitative determinations of Ag, 
Bi, Cu, and Sb are reported here for most of the thirty-one samples. The 
samples varied in crystal habit from simple cubes through mixed forms 
to octahedrons. The concentrations were found to vary widely from one 
mineralized area to another; but within a given district, crystals of cubic 
habit are systematically enriched in antimony compared to those of octa- 
hedral habit. No progressive change in either the silver or the bismuth 
content with crystal habit was observed. Particularly large concentra- 
tions of some of the trace elements, however, did occur in some of the 
deposits in which octahedral faces were especially prominent. Both the 
trace element content and the crystal habit appear to be symptomatic of 
other factors involved in the formation of galena. ‘Temperature is prob- 
ably one of the most important factors; the cubic form seems to predom- 
inate at the lowest temperatures. 


INTRODUCTION 


THE crystal habit of galena has frequently been compared in a very general 


way to the content of trace elements. Frondel, Newhouse, and Jarrell (1) 
have reviewed briefly several references commenting on the high concentra- 
tion of silver in octahedral or near-octahedral crystals of galena. Similarly, 
Oftedal (2) has recently emphasized the association of octahedral crystals 
and octahedral parting with large amounts of bismuth. Both Wahlstrom (3) 
and Oftedal found that bismuth minerals were exsolved along the octahedral 
planes in bismuth-rich crystals. Wahlstrom, however, observed that not all 
such galena possesses octahedral parting. In his discussion of geochemistry, 
Goldschmidt (4) also draws attention to the apparent relation between the 
chemical composition and the crystallographic properties of galena. 

These observations suggest that a systematic variation in trace element 
content might occur in a series of crystals ranging from octahedrons through 
crystals of mixed habit to cubes. Such a series has been collected and the 
samples analyzed with the emission spectrograph for silver, bismuth, copper, 
and antimony. Analyses of thirty-one samples of galena from the midwestern 
and southwestern parts of the United States are given below, and the data 
are related to crystal morphology and to some aspects of the geology of the 
deposits. 

EXPERIMENTAL PROCEDURE 


Samples of galena were separated with great care from all visible foreign 
material. Some pieces were cleaned with chloroform or carbon tetrachloride 
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to remove oil stains; aqua regia was used to remove traces of extraneous 


minerals from the surfaces of other samples. The samples were crushed in 


a steel mortar and ground to a finer size in an agate mortar. 

The samples were coded and then analyzed with a Bausch and Lomb 
dual grating spectrograph. Graphite electrodes (National Carbon Co. No. 
L.-4000 ) were used as anodes. Each sample of 20 mg was placed in an anode 
and burned with 15-amp. d.c. For calibration curves, metal oxides were 
mixed with precipitated pure lead sulfide in concentrations of 3, 10, 30, 100, 
300, 1,000, and 3,000 ppm and 1 percent. A Pb line was used as an internal 
standard, and the standards were burned in the same way as the samples. 
Both were burned to completion to compensate for any differences in the 
volatility of the trace elements (none of which are very refractory) in the 
standards compared to those in the samples. The uncertainty in the con- 
centrations reported here is = 20%. 

The limits for detection of the elements which were looked for in the 
samples are: 

Ag 0.05 ppm 
$i 3. ppm 
Cu ppm 

3 ppm 
Ge 3 ppm 
In ~ 3 ppm 
Sb ~50 ppm 
Sn 0.5 ppm 
rl 3. ppm 

Preliminary quantitative analyses revealed significant variations of anti- 
mony with crystal habit. The final analyses, based on the careful prepara- 
tion of standards to include the entire range of concentrations, were made 
on similar aliquots. Except in a few cases noted in the text, the preliminary 
values for the samples agreed remarkably well with the final analyses. Some 
differences would be expected because of uneven distribution of trace ele- 
ments in the galena. 

Tin and indium were not detected in any of the samples. Thallium was 
detected only in the sample from the Holland mine (Table 3). The analyses 
were not sufficiently sensitive to determine arsenic and selenium. Several 
other elements (iron, silicon, calcium, magnesium, and zinc) were noted but 
were not measured because their presence would be due principally to mineral 
impurities. In preliminary analyses, gallium and germanium were observed 
only in the Hancock sample (footnote 2 of Table 1), in which a very high 
concentration of zinc occurred. A considerable amount of zinc was also 
noted in the Ivey sample (Table 1). Presumably, sphalerite was present 
in both cases, but it would not affect the values for silver and antimony. The 
latter two elements are concentrated in galena (5). The Flux sample 
(Table 3) was also contaminated with silicates. A high concentration of 
copper noted in several samples implies intergrowths of copper minerals. 


AN INDEX OF CRYSTAL HABIT 


The formation of a crystal cube requires a faster rate of growth in the 
direction normal to the octahedral faces than that along the isometric crystal- 
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lographic axes (which are normal to the cube faces). A crystal of mixed 
habit (e.g., an octahedron modified by a cube) results when the rates of 
growth in these two directions are competitive. A simple measure of the 
dominance of the cubic habit over the octahedral habit is the ratio of the 
length of the intersection of the (111) face with the (100) face to the length 
of the cube edge (projecting the cube faces beyond any octahedral faces which 
may be present). This ratio or index is b/a in Figure 1. 

In practice, the simple ratio described above does not describe the habit 
adequately because the edges of a galena crystal often are of different lengths 
(due to overgrowths on the (100) faces) and because the (111) faces com- 
monly occur in quite different sizes on the corners of the cube. Platy over- 

















+ es 


—? 





Fic. 1. Parameters for index of crystal habit. 


growths with numerous re-entrant angles and faces of different habit are 
particularly complicating. For the measurements made below, the index H 
is defined in the following equation: 


> b, 
i=] 


na) 


H = 


where nm is the number of octahedral faces and cube corners which can be ob- 
served, (a) is the average length of the cube edge, and 0b; is the length of 
the intersection of the 7 (111) face with the (100) face (assuming that the 
octahedral face cuts off only one cube corner). H varies from 0 for a cube 
to V2 for a perfect octahedron. 


RESULTS 
Upper Mississippi Valley District 


The analyses of galenas from the Upper Mississippi Valley zinc-lead 
mining district (including part of southwestern Wisconsin and smaller ad- 
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jacent parts of Iowa and Illinois) are given in Table 1. 


Most of the samples 
come from an area of approximately 500 square miles. 


This area is part 
of a major “subprovince” in which the deposits consist principally of zine 


and lead sulfide, more or less iron sulfide, and some barite (6). Ivey’s mine 


at Mineral Point, Wisconsin, lies to the northeast, in a second subprovince 
which is characterized by the addition of copper ore. Copper is closely 
associated with the zinc-lead ores at Mineral Point, and the ores in this 
second subprovince are generally more complex. Ten crystals with prominent 


TABLE 1 


ANALYSES OF GALENAS FROM THE UPPER MISSISSIPPI VALLEY DISTRICT 


Index of crystal 
1abit 


Sb } 
Hickory < : 300 0.00 


Tennyson-A <3 600 0.02 
Tennyson-B ‘ 2 500 


Hancock < 350 (0.03)” 


Blackstone-A d 2: ; 120 0.06 
Blackstone-B < 15 150 0.20 


Ivey 550 0.31 


Amelia 0.64 


lowa <3 <1 | : 1.4 


® These samples were collected from the following localities: Hickory Hill mine, SW } sec. 36, 
T. 29 N., R. 1 W., Jo Daviess County, Illinois. Tennyson mine, about 10 mi. WSW of Platte- 
ville, Wisconsin (N 4 sec. 36, T. 3 N., R. 3 W., Grant County). Hancock-Blackstone mines, 
sec. 28, T. 1 N., R. 2 E., Lafayette County, Wisconsin. Ivey's mine, about 1 mi. E of Mineral 
Point, Wisconsin (SW } sec. 32, T. 5 N., R. 3 E., lowa County). Amelia mine, just S of Galena, 
Illinois (NW 4} sec. 34, T. 28 N., R. 1 E., Jo Daviess County). A mineralized slab with half 
dozen small octahedrons modified with cube faces was collected from the dump, The index of 
0.64 reported is for a typical crystal. Jowa refers to the James Kane deposit, } mi. SE of Crystal 
Lake Cave, Dubuque County, Iowa (SE } sec. 16, T. 88 N., R.3 E.). Asingle large, well formed 
octahedron of galena oxidized on the surface was obtained from Mr. Jesse Whitlow 

b Only a few crystals were found in the Hancock mine. The index (A) is an average for six 
crystals. The sample used for the spectrographic analysis came from a separate and unusual 
mass of reticulated galena. The latter sample ran very high in zinc, which was evidently due 
to an intergrowth of sphalerite with the galena. 


a 


octahedral faces were collected from the dump at Ivey’s mine. Violet stains 
were observed that were undoubtedly erythrite or “cobalt bloom.” Cobalt, 
as well as copper and nickel, have been found nearby (7). 

The Hickory Hill mine is a gently inclined tunnel directed towards the 
west. The entrance is in the Dubuque, the upper member of the Galena 
formation of Ordovician age. The ore occurs below the Dubuque in an old 
water channel containing layers of water-laid clay over recemented fall-rock. 
This breccia was cemented with iron sulfide and sphalerite previous to the 
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deposition of the galena, which is the major ore mineral. In addition to the 
large number of cubes (up to 6 inches on an edge) which were observed in 
the mine, 12 crystals were examined in detail. Although the corners of these 
crystals were slightly blunted, no octahedral faces could be detected. 

In the Tennyson mine many well developed crystals of galena occur in 
the central and western parts of the mine. Tennyson-A was collected in 
the western part just south of the main east-west drift. Thirty-one crystals 
(from which sample Tennyson-B was selected) were collected at this point 
and farther west near the end of the drift. All were essentially cubes. <A 
similar set of 36 crystals was collected from a small stope just north of the 
middle part of the east-west drift. The surfaces of most of the crystals in 
the mine are oxidized and in some cases corroded. The small index reported 
in Table 1 is an approximate upper limit, because small truncations may be 
simply blunted corners of cubes. 


The Hancock and Blackstone are adjoining mines; the Hancock lies to 


the north. The distance between extreme points of these mines is about } 


mile. The Blackstone contains a large amount of zinc ore, much sugary 
barite, and only a moderate amount of iron sulfide. Galena crystals were 
observed to be rather abundant in this mine; octahedral faces were prominent. 
One set of 11 crystals (from which sample Blackstone-B, Table 1, was se- 
lected) had a number of octahedral faces. The other group of 19 crystals 
(from which sample Blackstone-A, Table 1, was selected) had a smaller 
number of octahedral faces, but these were large; several crystals had an index 
of about 0.25 

Samples from both the Amelia and Iowa deposits contain less than 50 
ppm of antimony. Preliminary analyses of other aliquots, however, indicated 
that antimony in the Amelia sample was about at the limit of detection, while 
that for Iowa was below. Preliminary analysis of the Ivey sample also 
indicated considerably more silver and copper and less antimony (but still 
several hundred ppm of the latter) than reported in Table 1. 

Small concentrations of copper seem to be associated with large indices 
of crystal habit (Table 1). Preliminary analyses for the samples in Table 2 
from the Picher field indicated the opposite relation, in that samples Gordon, 
13-M, and 7-K were the only ones to contain detectable amounts of copper. 
The final figures for copper show no trends. However, the possibility of 
a systematic local relationship between the copper content and the index of 
crystal habit (or the antimony content) should not be ignored.’ 

The antimony content of the samples tested varies by a factor greater than 
10, generally decreasing as the crystals become more octahedral. This varia- 
tion is shown by the semi-logarithmic plot of Figure 2. Although octahedral 
faces are prominent (H = 0.31) on crystals from Ivey’s mine, the antimony 
content is high and out of line with the other samples. Ivey’s mine is not 
in the same subprovince as the localities for the other samples, and its anti- 
mony content is designated separately by a triangle on Figure 2. Similarly, 

1 Preliminary analyses of samples from the Tennyson mine (Table 1) indicated that the 
first sample contained only about one-fifth the copper but more than twice the antimony con- 


tained in the second sample. The final analyses also show the same relations, but to a lesser 
degree 
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(PPM) 


ANTIMONY CONTENT 


INDEX OF CRYSTAL HABIT, H 


Antimony concentration vs. index of crystal habit for galenas from the 
Upper Mississippi Valley district. 


footnote 2 of Table 1 draws attention to the fact that the Hancock sample 


(represented by a square in Figure 2) may not be representative. 
Silver (Table 1) varies by a factor of 3, averaging 15-20 ppm. The 
highest concentrations were found in the samples from the Hancock-Black- 


stone mines. Both preliminary and final analyses for the Hancock sample 
also showed relatively high concentrations of copper. The average content 
of copper in the other samples seems to be about 2 ppm. An approximate 
average for antimony in the galena of the Upper Mississippi Valley district 
seems to be about 300 ppm. 


The Picher Field 


The analyses of galena crystals from points scattered in an area of about 
10 square miles within the Picher field of northeastern Oklahoma and south- 
eastern Kansas are given in Table 2. The antimony content varies by a 
factor of at least 4 or 5; and, as in the Wisconsin district, the prominent 
octahedral faces are on those crystals with the lowest antimony content (< 50 
ppm). Among the crystals with antimony concentrations in the range 50-100 
ppm, about one-half have indices of crystal habit of 0.1 and less, while the 
rest have values of only a few tenths. The last seven samples in Table 2 
have less than 50 ppm antimony. Preliminary analyses indicated slightly 
greater amounts of antimony in samples 14-O and 11-M than in the other 
five, and these two samples probably contain only slightly less than 50 ppm. 
The average antimony content of all samples from the Picher field is about 
50 ppm. 

The copper content of the galena from the Picher field seems to be typically 
somewhat less than 2 ppm, averaging less than 1.5 ppm. Silver is reason- 
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rABLE 2 


ANALYSES OF GALENAS FROM THE PICHER FIELD 








b 
Sample %2°/ crystal habit 


(H) 


ppm | Index of 
7 








0.4, 
0-1 
0.12 
0.5 
0.3, 
0.04 
0.3, 
0.20 
0.05 
& 50 0.00 
£50 


< 50 
< 50 
10 < 50 
10 < 50 
71-K 12 < 50 























* Letters designate subdivisions of the Warsaw and Keokuk formations of Mississippian age, 
as given by Lyden (8) 
>’ Samples came from the following specific localities (all underground workings) : 


T. 35S., R. 32 E., Cherokee County, Kansas: 7-GH, 7-K, 7-L, and 7-M all from the SE corner 
of the NE } of the SE } of sec. 12. 11-M from the N center of NW portion of SE } of sec. 10. 
12-M from the S center of SE } of NE } of sec. 10. 13-M from the N center of SW portion of 
SE } of sec. 10. 

T. 29 N., R. 32 E., Ottawa County, Oklahoma: Gordon from the N center of SE } of SE 
of sec. 18. 3-L from S center of SE } of SE } of sec. 18. 5-K from NW corner of SE } 
of sec.17. 6-E from SE } of NW } of SE } of sec. 17. 4-M from SE } of NW } of SW } of sec. 
20. 14-O from SW corner of NE } of SE } of sec. 19. 8-E from SW 1 of SW } of NW } of sec. 
30. 9-M from NW corner of NE } of SE } of sec. 30. 10-O from S center of NE } of SE } of 
sec. 30. 


Additional comments on samples: 


5-K Galena with iron sulfide and dolomite. Galena in cubes with some well developed octa- 
hedral faces; index (H) may be somewhat overestimated. 

12-M Galena with a number of octahedral faces and re-entrant angles. 

7-GH Galena on chert with some iron sulfide coating the crystals, some of which are oil- 
stained. Galena in cubes with only small octahedral faces. 

7-M Galena with highly curved cleavage surfaces; only a few small crystal faces on sample. 
A few small octahedral faces on small cubes. Index (H) rather uncertain. 

8-E Ojil-stained galena, Cubic with a number of smal) octahedral faces. 
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ably constant and averages about 9 ppm. In all samples the amount of bis- 
muth is below the limit of detection, or less than 3 ppm. 


Scattered Deposits 


The Rosiclaire member of the Ste. Genevieve formation of Mississippian 
age forms the roof at the entrance of the Crystal mine of the Minerva Oil 
Company, northwest of Cave-in-Rock, Illinois. The mineralization is below 
this formation. Comparable amounts of lead and zinc sulfides occur in the 
deposit. Fluorite is present in much greater quantities than are the sulfides, 
and barite is also present. 

The trace element content of galenas collected from deposits in the South- 
west (Table 3) is much greater than in those of the two districts discussed 
above. All of the ores occur in carbonate rocks, but in other respects the 
deposits vary considerably. The maximum contrast within any of the 
mineralized areas is between the Holland and the Flux mines. 

The Holland mine, just west of Duquesne, Arizona, is some 10 miles 
south of the Flux mine (which is northwest of Harshaw and southeast of 
Patagonia, Arizona). The former is a typical contact metamorphic deposit 
bearing a complex ore of lead, zinc, copper and silver. Coarsely crystallized 
blue and gray calcite, bornite, chalcopyrite, and a large number of other min- 
erals are abundant. Slightly weathered, imbedded galena with octahedral 
planes in bold relief was collected from the dump and analyzed. 

Pyrite is distributed throughout slightly tilted calcareous sediments of 
Cretaceous age in the Flux mine. Lead and zinc ore occurs in irregular re- 
placement zones. Chlorite, quartz, and calcite are the common gangue min- 
erals, and garnet is uncommon (10). A few small cubes of galena with 
prominent octahedral faces were collected on the 430-foot level. 

The temperatures of formation of the deposits of these two mines probably 
differed by more than a hundred degrees. Octahedral faces are prominent in 
both deposits, but there is better development of cube faces in the lower 
temperature Flux deposit. It is probably also significant that in addition to 
the highest content of bismuth and silver, galena from the Holland mine was 


6-E Oil-stained galena crystals with some iron sulfide crystals on surface. Well developed 
cubes with some small octahedral faces. 

3-L From pocket containing a large mass of coarsely crystallized galena. Octahedral faces 
prominent, re-entrant angles common 

Gordon A few small iron sulfide crystals on cubes of galena. A number of octahedral faces 
also present on the cubes 

4-M Galena, pink dolomite, sphalerite, and iron sulfide crystals on chert. Some small octa- 
hedral faces present on the galena, and many re-entrant angles. 

14-O Some calcite crystals and a few small sphalerite crystals on large cubes of galena. No 
octahedral faces present on the galena. 

11-M Galena in cubes with octahedral faces. 

9-M Iron sulfide, sphalerite, calcite, and galena. Index (H) is the average for several crystals 
of galena with many prominent octahedral faces 

10-O Galena with some small sphalerite crystals on surface. Galena in cubes with prominent 
octahedral faces. 

7-L Galena with prominent octahedral faces; many re-entrant angles. 

7-K Iron sulfide crystals and galena with calcite and chert. Some prominent octahedral 
faces on the galena; index (H) possibly somewhat overestimated. 
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the only sample in which thallium was detected (18 ppm). All other samples 


contained less than 3 ppm. 

The Portales and Royal Flush mines are in the Hansonburg mining dis- 
trict on the west face of the Oscura Mountains, 35 miles southeast of Socorro, 
New Mexico. The deposits are just a few miles south of Bingham, New 
Mexico. The Royal Flush mine is in the SW } of sec. 30, R. 6 E., T. 5 S. 


The Portales mine is a short distance to the southwest. 


TABLE 3 


ANALYSES OF GALENAS FROM SCATTERED DEpPosITS 


Principally in the Southwestern United States 





ppm 


(except where noted otherwise) Crystal 





habit 
Cu 

















Holland mine, Ly, j 5 Octahedral faces 
southern Arizona very prominent 


Flux mine, Cubic with promi- 
southern Arizona nent octahedral 





Portales mine, Z 0 Cubic with a few 
Socorro Co., very small octe- 
New Mexico hedral faces 


Royal Flush mine, 5 2é Cubic with a few 
Socorro Co., | very small octa- 
New liexico hedral faces 


Goodsprings, (Octahedral faces 
prominent) c/ 


Crystal mine, Cubic with very 
southern Illinois prominent octa- 


hedral faces 

















®* More precise descriptions of the localities for these samples are given in the text, along witl 
comments on the deposits 
» In this sample the thallium content was 18 ppm 
The sample obtained for analysis was imbedded galena with no evident crystal faces How- 
ever, Hewett (9) commented that although crystals at Goodsprings were not common, those which 
he had seen bore well developed octahedral faces 


These deposits consist of very coarsely crystallized galena, fluorite, and 
barite in the Madera limestone of Pennsylvanian age. Crystallization typically 
occurred along the sides of old water channels without penetrating the wall 
rock. No appreciable variation in either trace element content (Table 3) 
or crystal habit of the galena is evident. The final analyses gave somewhat 
more divergent values for antimony than did the preliminary analyses, which 
indicated very similar values of a little over 100 ppm in samples from both 
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mines. A large number of crystals was examined from the Royal Flush 
mine and the Mex-Tex mine (one mile to the southwest). The crystals are 
cubic with only a few very small octahedral faces, similar to the crystal 
analyzed from the lower level of the Portales mine. Copper minerals are 
common; Kottlowski (11), in reviewing the literature on this area, com- 
ments that Lasky noted microscopic particles of chalcopyrite in the galena. 
Such inclusions probably account for the high copper content of the galena. 

One of the highest antimony contents among all the analyses was ob- 
served in the galena from Goodsprings, Nevada. This sample was collected 
by Mr. Dwight Weber from the small hill just west of Goodsprings, on 
the southeastern slope near the road circling the summit. Hewett (12) 
reported the occurrence of stibnite at several places on the north 900-foot 
level of the Yellow Pine mine just to the NNE. (Stibnite also occurs some- 
what to the northwest in Nevada and to the west in California.) He also ob- 
served green or bluish stains on nearly all oxidized lead minerals at Good- 
springs, which indicated the presence of copper. The high copper content 
of the galena reported in Table 3 confirms his interference. 


DISCUSSION 


Local and Regional Comparisons 


There are no striking correlations between the measurements and the 
locations of the samples in the Picher and Upper Mississippi Valley districts ; 
except, perhaps, between samples from different subprovinces in the Upper 
Mississippi Valley. As noted above, the Ivey sample (Table 1) is quite 


anomalous in having both a high index of crystal habit and a high antimony 
content compared to the other samples, all from the major subprovince to 
the southwest. The two Upper Mississippi Valley samples with the highest 
index of crystal habit (Table 1) were from the south and west parts of the 
major subprovince, while those with the lowest values of H were centrally 
located. 

A greater number of samples was analyzed from a smaller area in the 
Picher field. The data (Table 2) seem unrelated to stratigraphic position. 
However, samples of galena from points separated by a half mile or less are 
often very similar in trace element content and crystal habit. Two such 
closely related samples are 7-L. and 7-K. These are not similar to either 
7-GH or 7-M, although all four samples are from the same location at the 
north end of the area, but from different horizons. 9-M and 10-O, from 
points less than } mile apart, are similar to each other in trace element con- 
tent and crystal habit. They were taken from the south end of the district 
about 3 miles away from the preceding samples. Another pair with closely 
matching characteristics is 4-M and 14-O; they were collected about half a 
mile apart in the south-central part of the district and about } mile south of 
the location for 3-L, which has a similar trace element content. 

The galena from the Upper Mississippi Valley district seems to contain 
somewhat greater quantities of trace elements than does galena of the Picher 
field. Although the amount of bismuth is negligible in both areas, it may be 
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significant that this element was detected in two samples from the Upper 
Mississippi Valley but was below the limits of detection in all 16 samples 
from the Picher field. Galena from the Upper Mississippi Valley district 
seems to have slightly more silver, about the same or possibly as much as 
twice the amount of copper, and about six times as much antimony. Zinc 
also would seem to be somewhat more concentrated than is lead, perhaps by 
as much as a factor of two, if the recent production ratio for Zn/Pb of about 
8/1 in the Upper Mississippi Valley district (13) may be compared to that 
of 3-6/1 in the Picher area (14). 

In the Picher field, octahedral faces seem to be more common than in 
the Upper Mississippi Valley district. The temperatures of formation of 
the liquid inclusions of the Picher deposits and the Joplin deposits 15 miles 
to the northeast (17) are slightly higher than those of the liquid inclusions 
of the Upper Mississippi Valley ores (18). 

From the presence of large crystals of barite, fluorite, and galena, Kottlow- 
ski (10) suspects that relatively low temperature, as well as time and dilute 
solutions, was an important factor in the formation of the deposits in the 
Hansonburg district, New Mexico. The cubic habit of galena seems to be 
favored by these conditions. The Hansonburg deposits seem to be rather 
low in antimony, average in silver, and high in copper content. They also 
contain a significant amount of bismuth. The Goodsprings sample, on the 
other hand, has a very high content of all of these elements except bismuth. 
The concentrations of the trace elements in the ore-forming solutions prob- 
ably establishes the approximate content of the trace elements in the galena. 

The local variation of antimony by a factor of 10 must be a solubility 


effect. Antimony sulfide is more soluble than the sulfides of copper, lead, 
and zinc (15). At 18° C and a pH of 5, antimony sulfide has a solubility of 
1.3 x 10°* mol/liter; and for the pH <6, lead sulfide is much less soluble 
(1.5 x 10° mol/liter). One would expect antimony to be transported 
farther, although its solubility does decrease rapidly with increasing pH. The 
solubility of lead sulfide (16), however, seems constant at low pH and rises 
somewhat above pH = 6. 


Variation of Trace Elements with Temperature 

Fleischer (5), in reviewing the numerous studies of trace elements in 
galena (and in other sulfide minerals), noted that many such analyses were 
only qualitative. A number of the quantitative results, however, have pro- 
vided some interesting correlations with the geology of the ores. Tischendorf 
(19) found that in the fluorite-barite-lead deposit of Freiberg in East Ger- 
many, the bismuth, silver, copper, and antimony contents in galena dropped 
significantly as the average grain-size of the sulfide increased from one ore 
zone to another. He photographed exsolved tetrahedrite and even bournonite 
inclusions, which account for the large concentrations of trace elements found 
in the galena. Tischendorf concluded that in this deposit the amounts of bis- 
muth, silver, copper, and antimony in galena varied directly with the tempera- 
ture of formation. 

In southern Arizona, the silver and bismuth concentrations are ten times 
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as great in the galena from the higher temperature deposit (the Holland 
mine), while the antimony and copper concentrations are ten times as small, 
as those from the Flux mine. (The samples from these mines were approx- 
imately the same size, ~ 1 cm in diameter.) Similarly, Schroll (20), in 
summarizing more extensive analyses of lead-zinc ores of the eastern Alps, 
concluded that the concentration of antimony passes through a maximum at 
lower temperatures of formation, and that silver and bismuth dominate at 
high temperatures. Although the relative temperatures of formation of the 
deposits in the Upper Mississippi Valley district are not known, other ob- 
servations of crystal morphology referred to in the following paragraph, 
together with the above data and those in Tables 1 and 2, also suggest that 
antimony is more commonly included in galena at lower temperatures. Thus, 
the Freiberg deposit is probably exceptional. 


Temperature and Crystal Habit 


Temperature has also been suggested as an important factor in controlling 
the crystal habit of fluorite (21, 22) and pyrite (23). The geologic relations 
indicate that crystal habit becomes more complex at higher temperatures. 
Cubes are replaced by higher-order polygons or combinations of more than 
one habit, and the increase in the number of crystal faces tends to minimize 
the surface area. If the crystal growth is reversible, the sum of the products 
of the specific free energy at the surface of each face times the area of the 
face must be a minimum. This means that the specific free energies of the 
various crystal faces would have to become equal as the number of faces in- 
creases. Although differences among surface free energies would be ex- 
pected to become negligible at high temperatures, another approach to the 
spherical form has been emphasized by Hartman and Perdok (24). They 
point out that growth of crystal nuclei will be irreversible with sufficient super- 
saturation. Particles being deposited rapidly onto small crystals are over- 
grown before equilibrium can be attained, and “seeds” may develop at about 
the same rate in many directions. Similarly, the formation of macroscopic 
crystals of complex habit may depend on supersaturation effects as well as on 
temperature. The rapid cooling that occurs from high temperatures also 
readily leads to supersaturation ; therefore, temperature may be only a relative 
influence. 

Hartman and Perdok (24) show that when strong bond energies control 
the morphology of crystals, F-faces (containing two or more coplanar peri- 
odic-bond-chain [P.B.C.| vectors) predominate over faces coplanar with 
fewer P.B.C. vectors. The strongest bond involved in the crystallization of 
galena is that of Pb—S; the F-faces are the (100) faces, with two coplanar, 
mutually perpendicular P.B.C. vectors representing this bond. Octahedral 
faces have no P.B.C. corresponding to this strong bond and have a greater 
displacement velocity than that for either the (100) or (110) sets of faces. 
Therefore, under conditions close to equilibrium, successive layers of atoms 
are added to an octahedral face until it is extinguished at the corner of the 
cube. 
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SUMMARY 


Although octahedral crystals of galena may contain large amounts of silver 
and bismuth, there seems to be no causal relationship between crystal habit 
and the concentration of trace elements. The variation in antimony content 
by a factor of 10 within genetically related ore deposits is probably an effect 
of the comparative solubility of antimony. The relative concentration of 
antimony varies with crystal habit, the lowest concentrations within the min- 
eralized area occurring in octahedral crystals. 


The cubic habit of galena is favored by low temperature, which implies 
both reversible crystal growth and a low rate of nucleation. Under these 
conditions, the predominance of the cubic form is consistent with periodic- 


bond-chain vector theory. A low rate of nucleation also accounts for the 
observation that cubic crystals tend to be large while octahedral crystals are 
generally much smaller (half an inch or less on an edge). 
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GEOLOGY OF CLEORA MINING DISTRICT GYPSUM DEPOSITS, 
WELLSVILLE AREA, COLORADO 


REEVES, JR. 


ABSTRACT 
The Permo-Pennsylvanian zeugogeosyncline of central Colorado was 
the site of extensive evaporite deposition, especially in the northwestern 
part of the trough. Gypsum crops out principally in the Meeker and 
Dotsero-Eagle areas, pinching out to the south and east, but sporadic 
occurrences are known through South Park and as far south as Coaldale. 
Primarily Pennsylvanian in age, the gypsum was forced into irregular 
domes and anticlinal accumulations by Laramide and younger movements. 
Two major Pennsylvanian gypsum localities occur in the Wellsville 
area. A third gypsum occurrence is considered to be Quaternary in age. 
Since 1952 approximately 50,000 tons of gypsum have been removed from 
these deposits and sold as a soil supplement by the U. S. Soil Conditioning 
Company of Salida. 
LOCATION 


WELLSVILLE is in Fremont County, Colorado, approximately 45 miles west 
of Canon City and 5 miles east of Salida by U.S. 50 (Fig. 1). Geographically 
Wellsville is on the eastern slope and at the northern end of the Sangre de 
Cristo Range, just south of the Coffman Mountains and South Park (Fig. 1). 
Geologically Wellsville is at the southeast plunging end of the Wellsville 
Syncline, one of several northwest-southwest trending folds that parallel the 
Sangre de Cristo Range. 

One inactive and two active open-pit gypsum quarries lie north of Wells- 
ville. The operating quarries, the Tumble Mountain and Maverick deposits, 
are located approximately 3 and 4 miles northeast of Wellsville by way of 
the first gulch east of Maverick (Fig. 2), the inactive quarry, the Swissvale 
deposit, is two miles east of Wellsville and just east of Swissvale switch 
( Fig. 2). 


STRATIGRAPHY 


General Statement.—The Permo-Pennsylvanian zeugogeosyncline of cen- 
tral Colorado was bordered on the east by the Front Range and on the west 
by the Uncompahgre uplift. In the Wellsville area the trough was probably 
never more than 40 miles wide, Wellsville being very close to the eastern 
shelf. Rapid deposition of approximately 13,000 feet of red beds, associated 
gypsum and coarse clastics, most without diagnostic fossils, resulted in the 


myriad of lithologic changes that have so confused local stratigraphers. 

Brill (1) recognized only four principal lithologic units in the trough: 
(1) the equivalent Belden and Kerber formations; (2) the clastic member 
of the Sandia formation; (3) the equivalent Minturn and Madera formations 


—~ 
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and (4) the equivalent Maroon and Sangre de Cristo formations. The Bel- 
den was confined to the northwestern part of the trough, Madera to the New 
Mexico portion and Sangre de Cristo to the southeastern part extending as 
far north as the Park County line ; the Sandia is found only south of Huerfano 
Park. Thus the Permo-Pennsylvanian stratigraphic sequence in the Wells- 
ville area is of basal Kerber, overlying Minturn and uppermost Sangre de 
Cristo (work in progress suggests slight revision of this terminology). 

Huge masses of gypsum, which pinch out to the south and east, are 
confined to that part of the trough north of a line joining Leadville and 
Crested Butte. The gypsum of this northwestern part of the trough, which 
occurs as irregular anticlinal masses 500 to 1,000 feet thick, is confined to the 
lower part of Brill’s Minturn formation. 

Wellsville Area—Brill (1) measured approximately 13,000 feet of 
Permo-Pennsylvanian strata along the Arkansas River east of Wellsville, 160 
feet of basal Kerber, 4,200 feet of overlying Minturn and 8,840 feet of the 
Permian Sangre de Cristo formation. Gypsum, occurring 2,000 feet above 
the base of the Minturn was named the Swissvale gypsum member of the 
Minturn formation. 

Secause the gypsum is laterally discontinuous no attempt has been made 
to correlate the Cleora deposits to those of the Dotsero-Eagle area, or even 
to occurrences in nearby South Park, but Brill (1) has suggested correlation 
of the Swissvale member to the gypsum found in the Chubb member of the 
Minturn of South Park. Stratigraphically the Swissvale and Maverick de- 
posits seem to lie at approximately the same level, about 2,200 feet above 
the Mississippian-Pennsylvanian boundary, but the Tumble Mountain de- 
posit seems to occur at least 2,000 feet stratigraphically higher (discounting 
possible repetition of section due to unknown faulting). This would place 
the Tumble Mountain occurrence in the lower part of the overlying Permian 
Sangre de Cristo formation. 

The irregular anticlinal structures are no doubt indicative of plastic flow 
in the gypsum and perhaps even forcible injection, but whether the gypsum 
has been forced into stratigraphically different zones is conjectural. On 
the basis of present geologic knowledge the writer prefers to suspect the 
presence of more than one evaporite horizon in the Pennsylvanian and Per- 
mian strata north and east of Wellsville. 


DESCRIPTION OF DEPOSITS 


Tumble Mountain.—The Tumble Mountain or “upper quarry” deposit 
is the topographically higher of the three, occurring at an elevation of 
about 7,700 feet. Located principally in the SW 4, Sec. 9, T. 49 N., R. 10 E., 
claims total 160 acres (Fig. 2). 


A hard, thick-bedded, calcareous, black but gray weathering shale under- 
lies the Tumble Mountain deposit, the shale giving way to thin gypsum lentils 
upward in the section. Although the shale becomes thin-bedded when alter- 
nating with the gypsum, a few thick-bedded layers can be found. This tran- 
sition zone commonly exhibits brecciation of the thin shale stringers due to 
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Fic. 3. Deformation of interbedded black shale, gypsite, and gypsum of 
Maverick quarry. 
Fic. 4. Swissvale gypsum member outcrop east of Swissvale switch. 


recrystallization of the gypsum. Secondary gypsum has been deposited in 
all fractures. On the eastern side of the deposit the lower portion is sug- 
gestive of a soil profile and fill, no doubt caused by solution of the gypsum 
at the higher level and redeposition at this topographically lower level. Hard, 
compact masses of jumbled 4-inch selenite crystals fill all fractures. 

The Tumble Mountain deposit is approximately 100 feet thick, the lower 
40 feet or so contaminated by black shale. The upper part, which is now 


being mined, is clean, massive-bedded, white to gray, granular gypsum com- 
sS dS J S- 

posed of small tabular clinopinacoids and transparent selenite. An 8 to 10- 

foot zone of transition of gypsum and black to brown shale, which quickly 
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grades into a calcareous, greenish gray, micaceous sandstone, marks the top 
of the deposit. A wavy-bedded fossil soil zone commonly appears a few feet 
beneath the first overlying sandstone. 

Maverick.—The Maverick deposit is locally known as the “black quarry” ; 
the claims cover an area of 160 acres. 

A black, pyritiferous, calcareous shale that closely resembles the under- 
lying shale at Tumble Mountain, except for the pyrite content, underlies the 
Maverick deposit. The upper part of the shale becomes thin-bedded and 
impregnated with secondary gypsum stringers. The whole of the Maverick 
deposit is characterized by much impurity, the lower 50 to 70 feet is com- 
posed principally of dark gray to black, pyritiferous rich, petroliferous ap- 
pearing gypsite, the upper 50 to 70 feet is yellowish to grayish gypsum and 
brownish shale. The gypsum principally occurs as irregular stringers and 
masses of white, transparent satin spar weaving through the black, petro- 
liferous appearing gypsite ; the entire mass turns gray when crushed. Unlike 
Tumble Mountain, a minimum of granular gypsum is present. 

The gypsum in the “black quarry” proper is massive-bedded but in sur- 
rounding areas thin alternating beds of gypsum and black shale exhibit 
extensive deformation (Fig. 3). The amplitude of the folds relative to the 
thickness of the gypsum layers eliminates recrystallization as the causative 
factor. Since the deformation is near the base of the massive-bedded zone and 
at a topographically lower level flowage is suggested, although tectonic con- 
trol is strongly indicated. To the west of the main quarry several pieces 
of lacustrine (7) limestone can be found in close association with the gypsum. 

Swissvale—The Swissvale deposit (Fig. 2) is the smallest of the three. 
The limited exposure, thickness, prevailing dip and overburden prevent eco- 
nomic mining, yet the gypsum outcrops (Fig. 4) with its upper and lower 
contacts well exposed in short prospect tunnels. 

The Swissvale deposit, or gypsum member of the Minturn formation 
(1), is underlain by thinly laminated, friable, micaceous, gray-green shale 
interbedded with thinly laminated calcareous silts. A high iron content is 
suggested by the brownish-red weathered surface. These deposits occur im- 
mediately above a prominent massive-bedded, grayish to greenish-white ar- 
kosic sandstone with prominent cross-bedding. Chert nodules with coarser- 
grained sand lenses alternate with fine-grained beds, the coarser are competent, 
the finer tend to be friable. 

The lower half of the gypsum, brownish-yellow in the lower part to gray 
and black in the upper part, is an impure, friable mixture of interbedded black 
shale and highly calcareous gypsum with a prominent massive-bedded gypsum 
layer. This massive-bedded gypsum lentil overlies a brecciated black shale, 
gypsum rich debris zone, and is in turn overlain by thinly laminated gypsum 
and black shale (Fig. 5). The upper half of the Swissvale gypsum member 
is of purer white, granular, gypsum laced with thin horizontal streaks of 
impurities, which grades upward into a greenish to black to gray impure 
gypsum interbedded with black shale. Secondary gypsum is deposited along 
irregular fractures and the undulatory bedding planes due to the topograph- 
ically low position. Iron-rich nodules are common. The uppermost gypsum 
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Massive-bedded gypsum near base of Swissvale member overlain by 
thinly laminated black shale and gypsum. 


is overlain by a dark greenish gray, arkosic, thin to medium-bedded, highly 
carbonaceous sandstone which exhibits cross-bedding. 


AGE AND ORIGIN OF GYPSUM 


Geologists, making only a superficial investigation of easily soluble strata, 
are often confused and misled by extensive solution and redeposition. Un- 
less caution is exercised such may easily become the case with the Cleora 
gypsum deposits. 

Tumble Mountain and Swissvale Deposits—The Tumble Mountain and 
Swissvale deposits are of Pennsylvanian and/or Permian age, the Swissvale 
Pennsylvanian and the Tumble Mountain probably Permian, but because of 
poor stratigraphic control they may both occur at the same stratigraphic 
level. Brill (personal communication) suggests that small evaporite basins 
could form at varying stratigraphic levels, especially in a red-bed sequence. 
srill (1) attributed the gypsum deposition to shallow lagoons formed on the 
landward side of the Permo-Pennsylvanian trough by reef or offshore bar 
formation. 

Maverick Deposit—The Maverick deposit, because of its black color, 
petroliferous appearance, and high percentage of pyrite, immediately strikes 
one as having originated differently from either Tumble Mountain or 
Swissvale. The gypsum, which occurs in 50 to 70-foot lenses a few hundred 
feet across, is highly impure, principally being a mixture of black, pyritiferous 
rich gypsite and thin satin spar stringers that overlie a pyritiferous black 
shale and which is in turn overlain by no observable sedimentary layer other 
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than perhaps a few remaining pieces of lacustrine (?) limestone. Thus the 
impurity of the gypsum, its pyrite content, the relative positions of the 
pyritiferous black shale, the gypsum and the limestone plus the topograph- 
ically low position, strongly suggests that the Maverick deposit is nothing 
more than a thick pedocal soil profile. 

Figure 6 is a diagrammatic cross-section of the Maverick deposit. Zone 
A, composed of the erosive product of the present surface, is a leached area 
up to 4 feet thick. Zone B, which may measure up to 70 or 80 feet thick, 
is an enriched zone of highly impure, massive-bedded satin spar gypsum, the 
lower part of which contains a few chunks of limestone. Thirty feet of 
mechanically altered black shale impregnated with secondary gypsum, which 
grades downward into unaltered black pyritiferous shale, represents Zone C. 
Apparently calcium rich Quaternary surface waters, after percolating through 
and over the lacustrine (?) limestone, combined with the sulfate-rich waters 
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Diagrammatic cross-section of Maverick deposit. Not to scale. 


of the underlying pyritiferous shale to precipitate gypsum. Today only a 
very few pieces of the limestone remain as a vivid reminder of an erosional 
cycle once dedicated to gypsum formation. 


Because the Maverick deposit lies at approximately the same stratigraphic 
level as Swissvale it is reasonable to consider the probable occurrence of 
some primary gypsum, yet the greater percentage of the deposit now ob- 
servable must be considered secondary. 


CONCLUSIONS 


Discontinuity of outcrops prevents definite correlation but stratigraphic 
position of Pennsylvanian and/or Permian gypsum in the Cleora mining 
district north of Wellsville invites correlation to the gypsum occurrences of 
South Park and the northwestern part of the Colorado Permo-Pennsylvanian 
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trough. At least one occurrence of post-Pennsylvanian gypsum is found at 
the same approximate stratigraphic level. Pseudo-soil profiles occur with 
the Pennsylvanian deposits, the result of considerable solution and redeposi- 
tion, but always at a topographically lower level. 


The stratigraphic column and the present topography are suggestive of 


additional Pennsylvanian and post-Pennsylvanian gypsum occurrences in the 
strata north of Wellsville. 


ACKNOWLEDGMENTS 


The writer is grateful to Fred H. Leach and J. H. Lionelle for supplying 
information concerning the U. S. Soil Conditioning Company and holdings, 
and to Andrew Maez, quarry foreman, for admission to the deposits. The 
writer also wishes to extend his gratitude to Drs. J. P. Brand and Wm. B. 
Arper for many hours of instructive argument concerning Wellsville geology. 

DEPARTMENT OF GEOLOGY, 

TEXAS TECHNOLOGICAL COLLEGE, 
LuBBocK, TEXAS, 
Nov. 7, 1960 
REFERENCES 


1. Brill, K. G., Jr., 1952, Stratigraphy in the Permo-Pennsylvanian zeugogeosyncline of Colo 
rado and northern New Mexico: Geol. Soc. America Bull., v. 63, p. 809-880 











Economic Geology 
Vol. 56, 1961, pp. 780-783 


OCCURRENCE OF RADIOACTIVE FLUORITIC SANDSTONE, 
WET MOUNTAINS, COLORADO 


ROBERT E. BOYER 


ABSTRACT 


Dakota sandstone with a fluorite cement containing thorium, uranium, 
and zirconium occurs in the proximity of a Tertiary hypabyssal rhyolite 
stock at the southern end of the Wet Mountains, Colorado. Field rela- 
tions and proximity to the stock suggest a hydrothermal origin for the 
mineralization. Regional mapping indicates the age of intrusive activity 
is mid-Tertiary, and possibly younger. 


INTRODUCTION 


ProsPectors have given considerable attention to the southern Wet Moun- 
tains during the past seven years, and have detected numerous areas of 
higher than normal radioactivity. Most extensive of these areas is the 
Stumbling Stud mine which, along with several prospects, is located on the 
Greenhorn anticline at the southern end of the Wet Mountains, Pueblo County, 


south-central Colorado (Fig. 1). 
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GEOLOGIC SETTING 






The Greenhorn anticline plunges southward off the Wet Mountains into 
the Raton Basin. This arch has an exposed core of Precambrian crystalline 
rocks composed of granite gneiss, injection gneiss, and amphibolite (Fig. 2). 
Unconformably overlying the basement rock is the Permo-Pennsylvanian 
Sangre de Cristo formation, coarse arkose and conglomerate grading upward 
into fine siltstones and sandstones. The Sangre de Cristo formation thins 
markedly northward from Huerfano Park, pinching out on the flank of the 
Wet Mountains (3, p. 41). 

The Upper Jurassic Entrada formation, a feldspathic quartz sandstone 
with calcite and hematite cement, unconformably overlies the Sangre de 
Cristo formation. It is in turn overlain by vari-colored clays, shales, and 
siltstones of the Morrison formation. 7 

Cretaceous rocks in the map area include the Dakota sandstone and the 
Graneros shale of the Benton group. The Dakota is fine- to medium-grained : 
pure quartz sandstone with at least one prominent shale unit and concentra- ‘ 
tions of chert pebbles as well as numerous ferruginous concretions. The 
Dakota sandstone herein includes at its base, beds correlative with, but un- 
differentiated from, the underlying Purgatoire formation. Argillaceous gray 
shale of the Graneros is the youngest sedimentary rock mapped. 


Tee 


Two post-Paleozoic disturbances markedly affected the area. Laramide 
uplift of the Wet Mountain massif “bowed up” the sedimentary section flank- 
ing the southern end of the range; in places a high angle normal fault contact 
developed (2, pl. 1). Tertiary disturbance is evidenced by the occurrence 
of a hypabyssal rhyolite stock centered at a prominent knob called Badito 
Cone (Fig. 2). The rock, a quartz-poor porphyritic rhyolite, has biotite, 
hornblende, and plagioclase phenocrysts in an aphanitic quartz-feldspar 
groundmass. 














NATURE AND ORIGIN OF RADIOACTIVITY ANOMALIES 






Occurrences of radioactivity anomalies have been recorded at several 
places in the Wet Mountains. Most prominently noted (4, p. 521) are 
thorium deposits of probable Precambrian age which occur as thorium vein 
minerals—as distinct from thorium-bearing accessory rock-forming min- 
erals—irregularly distributed in veins. Acidic volcanic tuff of Tertiary age 
has also been detected to have higher than normal radioactivity (1, p. 222). 
Mineralization in the map area is mainly restricted to the Dakota sand- 
stone; a few prospects in the upper Morrison formation revealed higher 
than normal radioactivity. At the Stumbling Stud mine the mineralization 
occurs in the upper part of the Dakota sandstone just below the contact with 
overlying Graneros shale (Fig. 3). The sedimentary rocks at the mine 
occur as an inlier surrounded by rhyolite. Here the Dakota sandstone has 
a fluorite cement, a feature unique to the Stumbling Stud mine area. The 
fluorite imparts a mottled lavender to purple color to the rock and makes it 
considerably harder than the Dakota sandstone in adjacent areas. Radio- 
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activity is attributed to low amounts of thorium and uranium present in the 
cement, with some samples having considerable zirconium. In addition 
autunite occurs as fracture coatings in localized zones of the sandstone. 

A hydrothermal origin for the mineralization at the Stumbling Stud mine is 
proposed by the writer. Proximity of the mine and prospects to the rhyolite 
stock suggests this as a potential source of the mineralizing solutions. 
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Greatest accumulation of the radioactive minerals in association with marked 
fluorite content as a cement further indicates a hydrothermal origin. 

Faulting may have controlled the migration of the mineralizing solutions, 
as the most prominent fault mapped extends outward from the stock near 
the mine (Fig. 2). Other areas of anomalous radioactivity occur adjacent 
to smaller faults in the area. The impermeable Graneros shale probably 
acted as a barrier to rising solutions, concentrating the mineralization at 
the top of the porous Dakota sandstone (Fig. 3). 





g.3 Pace ond compass map of Stumbling Stud mine 
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AGE OF MINERALIZATION 


The rhyolite stock at Badito Cone intrudes a Cretaceous section, of which 
the youngest rock is the Graneros shale. However, stocks of similar rock 
type in adjacent Huerfano Park intrude youngest Eocene rocks (Farisita 
formation) and are therefore post-Eocene, probably mid-Tertiary or possibly 
younger (3, p. 43). This indicates a mid-Tertiary or younger age for the 
3adito Cone rhyolite stock and the suggested associated mineralization. 
Further, the previously mentioned rhyolitic tuff beds may be an extrusive 
phase of the igneous activity that formed the stocks. These tuff beds are 
interpreted by regional mapping to be no older than Miocene (2, p. 137). 


CONCLUSIONS 


Most likely the Stumbling Stud mine will serve a more significant 
academic than economic role; production has been limited to a few truck 
loads of ore. However, the relationships afford information that strongly 
substantiate (1) a hydrothermal origin for the radioactive minerals, and 
(2) a probable mid-Tertiary and possibly younger age for the mineralization. 
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SCIENTIFIC COMMUNICATIONS 


A MAGMATIC-PEGMATITIC-HYDROTHERMAL SEQUENCE AT 
LACORNE, QUEBEC? 


ROBIN BRETT 


The Lacorne district, Quebec, approximately 20 miles north of the Val 
d'Or mining area, contains an unusually complete sequence from igneous 
intrusion followed by pegmatite bodies, to high-temperature quartz veins, and 
finally a last stage of low-temperature carbonate mineralization. The diverse 
mineralogy and considerable range of temperature of the mineralization in the 
area seem uncommon enough to merit description. 

Geologically the area consists essentially of a granodiorite batholith of 
Precambrian age intruding biotite schist, metamorphosed basalts, and an- 
desites. Intrusion of hornblende granodiorite was followed in order by bi- 
otite granodiorite and muscovite granodiorite. Spatially and genetically asso- 
ciated with the muscovite granodiorite portion of this batholith are pegmatitic 
dikes consisting mainly of quartz, cleavelandite, microcline, spessartite, and 
muscovite in varying proportions. In addition the dikes contain small amounts 
of beryl, molybdenite, and columbite-tantalite with other uncommon minerals 
including spodumene. A number of veins consisting of quartz with some 
feldspar on their margins cut the pegmatite bodies: some of them may also 
contain small amounts of molybdenite, beryl, and bismuthinite. 

Very close to the main batholith a plug of biotite granodiorite outcrops 
in a zone of biotite-chlorite schist. As it has an equivalent composition, it 
is doubtless related to the batholith both spatially and genetically. Two well 
developed sets of veins in the plug consist essentially of quartz, albite, micro- 
cline, and muscovite in the approximate ratios of 80:10:5:5. Other less 
common minerals are tourmaline, pyrite, molybdenite, native bismuth, chalco- 
pyrite, pyrrhotite, sphalerite, and beryl. Molybdenite and bismuth occur in 
economic concentrations in the northeast portion of the plug where the Lacorne 
Mine of Molybdenite Corporation of Canada is situated. From field relation- 
ships and the study of polished sections the order of deposition of the metallic 
minerals appears to have been pyrite, pyrrhotite, chalcopyrite and native 
bismuth. The age relations of the molybdenite and sphalerite are not clear, 
except that they are later than pyrite. The bismuth occurs in masses up to 
1 cm across and is commonly associated with chalcopyrite, which it may vein. 
It replaces both chalcopyrite and pyrite in places and commonly contains fine 
inclusions of sphalerite. 

A later stage of mineralization is found in parts of the veins—calcite 


1 Publication authorized by the Deputy Minister, Dept. of Mines, Quebec 
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replaces the common vein minerals completely for distances up to several 
hundred feet. The wallrock is commonly extensively carbonatized. The 
original veins have been extensively brecciated and replaced by massive calcite 
with a little chlorite and orthoclase or adularia to form a texture in places 
resembling cockade texture. Vugs occur locally. Also associated with 
calcite are titaniferous hematite (containing laths of ilmenite), fluorite, colum- 
bite-tantalite, molybdenite, and bismuthinite. Bismuthinite is found also in 
unreplaced remnants of the original vein quartz included in the calcite. 
Microscopic examination of two polished sections of such bismuthinite shows 
that it replaces ragged remnants of native bismuth. 

The sequence of intrusion and mineralization is highly suggestive of ig- 
neous and associated hydrothermal activity over an unusually wide tempera- 
ture range. The concentration of trace elements in the different stages 
would also suggest that the stages are genetically related. For instance both 
granodiorite and pegmatite have very high lithium contents (3), both the 
pegmatites and quartz veins are high in Ta, Cb, Mo, and Be, and finally both 
the quartz veins and late calcite rich mineralization are high in Mo. 

The presence of globules of native bismuth in an orebody has long been 
a criterion of deposition above 271° C, which is the melting point of bismuth 
(2). The character of the quartz veins and their mineral assemblage here 
would accord with this temperature. 

The fact that during the last stage of mineralization native bismuth was 
replaced by bismuthinite in such a way that bismuth relics are ragged masses, 
strongly suggests that the bismuth had already solidified at this stage. This 
means that the temperature was then below 271° C, neglecting a minor pres- 
sure correction. Had the bismuth been still liquid, filling in interstitially in 
the already crystallized vein, a different replacement texture would be ex- 
pected between native bismuth and bismuthinite, involving smooth rather 
than ragged contacts. 

A picture is therefore presented of a granodiorite intrusion followed by 
pegmatite bodies, then by pegmatitic to hydrothermal veins dominantly of 
quartz, and finally by a late stage of miniralization rich in carbon dioxide. 
This late stage is definitely hydrothermal in nature as evidenced by the low 
temperature of mineralization and the presence of vugs, cockade structure, 
and extensive brecciation. 

This paper is based on work done in the summer of 1951 during which 
the writer was in charge of a field party for the Quebec Department of Mines. 
For a fuller account of the geology of the area the reader is referred to papers 
by Brett (1) and Tremblay (4). 


LABORATORY OF MINING GEOLOGY, 
HARVARD UNIVERSITY, 
CAMBRIDGE 38, MASSACHUSETTS, 


January 23, 1961 
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The above journals represent the majority of the current geological 
journals in mainland China, and most of them published after 1950. 

Abstracts of only a small percentage of the articles in these 35 journals 
have thus far appeared in either Chemical Abstracts or Science Abstracts of 
China.. A systematic arrangement will be needed to keep up with this 
literature. 
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DISCUSSIONS 


BARREN AND PRODUCTIVE INTRUSIVE PORPHYRY 
Sir: 


Mr. Stringham’s suggestion( p. 1623) that we drop the term “granite 
porphyry” does not seem to be adequately supported by the facts, and misses 


the point that the textural difference between “granite porphyry” and “porphy- 


ritic granite” usually is associated with an important genetic difference as well. 

It is quite true that the term “granite porphyry” should not be used for 
rocks with an aphanitic groundmass (rhyolite porphyry), but it is not clear 
what term Mr. Stringham would use for a hypabyssal rock with a fine-grained 
or even medium-grained groundmass, if not “granite porphyry.” 

In a granite porphyry the phenocrysts repreesnt an early generation of 
minerals which are also present in the groundmass, while in a porphyritic 
granite the “phenocrysts” frequently have no precise equivalent in the ground- 
mass. Although I do not wish to pin a genetic connotation onto any textural 
term, it is usually true that “granite porphyry” as defined above is unequivo- 
cally magmatic, while in the porphyritic granites, which are plutonic rocks, 
the so-called phenocrysts may in actuality be metacrysts, and these rocks are 
open to more than one interpretation. 

If the foregoing paragraph seems in any way to align me with the belief 
“that nature herself has properly separated igneous rocks into two distinct 
categories” (p. 1623), may I take this opportunity to disclaim any such 
alignment. 

RoBeRT GREEN WOOD 


PATTERNS TO ORES IN LAYERED ROCKS 


Sir: Professor Bain’s paper (“Economic GroLocy” vol. 55, p. 695) 
contains a brief description and plan of the Orange Free State Goldfield 
(p. 716-718). As it is the first time that this goldfield has been described in 
“Economic GEOLoGy” it is particularly unfortunate that much of the in- 
formation presented by Professor Bain is misleading. 

Recent evidence has given a clearer understanding of the geology of the 
gold-bearing reefs in this area. It appears that the goldfield occupies the 
western portion of a basin comprised of Upper and Lower Witwatersrand 
beds overlapped by Ventersdorp beds. Karroo beds conceal practicularly 
all of this basin. It is not yet apparent whether the Lower Witwatersrand 
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strata were folded and elevated before the deposition of the Upper Witwaters- 
rand sediments. Certainly the “footwall” strata underlying the Basal Reef 
of the Upper Witwatersrand have only a slight unconformity with the beds 
above the Basal Reef, and both have been folded together on Free State 
Geduld Mine. The western edge of the goldfield is delimited by the sub- 
outcrop of the Basal Reef against the transgressing Elsburg strata. The 
exact nature of the eastern margin is still unknown. Although individual 
beds, particularly the gold-bearing reefs, may have a thickness of only a 
few feet they may usually be traced throughout the 250 square miles of the 
basin. Where beds disappear they do so in a regular manner due to erosion 
and overlap by higher beds, or by gradual facies changes. 

The 5,000 feet of Upper Witwatersrand sediments present in the Orange 
Free State Goldfield have a number of reef horizons containing concentra- 
tions of gold and uranium. These reefs are recognized by being thin oligo- 
mictic conglomerates containing } to 1 inch diameter rounded pebbles of 
quartz and sub-angular to sub-rounded pebbles of black chert, with an 
orthoquartzitic matrix having a glassy texture and containing pyrite. The 
pyrite is commonly of the “buckshot” variety. Polymictic conglomerates 
are present in the succession but these have different types of less durable 
pebbles, less “buckshot”’ pyrite, and nil to trace amounts of gold and uranium. 

It is known that at least three of the reefs (““B” Reef, Leader Reef and 
Basal Reef) are unconformable on their footwalls. Each has a slight dis- 
conformity to, and overlaps, the footwall beds to the south and to the west. 

The Basal Reef is not wholly typical of the reefs, but it is economically 
the most important. Over much of the goldfield it is a thin oligomictic con- 
glomerate, up to four inches thick, overlain by an orthoquartzite (named the 
Basal Quartzite), which commonly contains thin pyritic grits. Locally the 
reef conglomerate disappears and the reef horizon is then marked by a thin 
intermittent line of “buckshot” pyrite or carbon. On the western and 
southern margins of the basin the Basal Reef thickness becomes more variable, 
fluctuating between zero and twelve feet. The pebbles become larger and 
the “buckshot” pyrite more plentiful. An observed section of the Basal 
Reef on the western margin thins from four feet to two inches over 300 
feet along a dip and a strike length. There is little or no Basal Quartzite 


overlying such reef and high gold values may be found at the top of the reef. 


Sampling of the reefs has shown considerable variation in their gold and 
uranium content. As the Basal Reef has been the most exploited, more 
sampling information is available about it than the other reefs. The sampling 
indicates that generally only broad areas of high or low pay reef may be 
recognized. These seem to have little or no orientation. Generally, within 
these areas there is a random distribution of values, and very high values 
may occur next to very low values along dip and strike. Only one oriented 
low-value shoot has been found on Free State Geduld Mine. In this mine’s 
No. 2 Shaft area the gold values generally increase to the south, but there 
is a “valley” of lower than average values that is trending to the south, 
running slightly up-dip at 10 degrees south-west of the strike of the Basal 
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Reef. This low-shoot is only 100 to 200 feet across but has been traced along 
a length of 3,000 feet and both ends are still open. 

These are, briefly, the generally acknowledged facts about the Orange 
Free State Goldfield. Any hypothesis regarding the relationship between 
the ore and the sediments must take cognizance of these facts. It appears 
that Professor Bain is at a disadvantage due to his distance from South 
Africa, and does not have ready access to the latest information about the 
goldfield. The plan (p. 717) in his paper showing the shoot patterns seems 
to be based on values obtained from reef intersections in surface boreholes 
drilled prior to about 1950. Ten years of intensive underground develop- 
ment and sampling have modified the boundaries of the high- and low-grade 
areas. In the middle of the goldfield around the Western Holdings, Free 
State Geduld and President Brand mines the modified value contours do 
not reflect any simple meandering pattern. There is a considerable area in 
the south around the town of Virginia which has been neglected on Professor 
Bain’s plan. This area embraces the mines of Merriespruit, Virginia, Har- 
mony and Free State Saaiplaas. The published values from these mines 
do not indicate a meandering pattern. Incidentally the scale of feet in the 
legend of the plan is incorrect, as may be seen by comparing the correct 
measurements of the goldfield given in the text with those on the plan. 

To state that there appears to be “one main gravel deposit meandering 
down the central valley,” with the inference that it is a stream deposit, is 
misleading whether it is applied to the sediments as a whole, or to the Basal 
Reef. The beds are all of the blanket type. It is difficult to see where 
Professor Bain has obtained his evidence on which he bases his assumption 
that a southerly-flowing meandering river deposited the Basal Reef. The 
most careful geological mapping on Free State Geduld Mine has failed to 
reveal any meandering gravel deposit on the Basal Reef horizon. The 
evidence of cross-bedding, facies changes and direction of coarsening sedi- 
ments indicates that the material of the Basal Reef and adjacent beds was 
transported from the south-west across Free State Geduld Mine. The 
reef conglomerates transgressing their footwalls, being thin and of wide 
lateral extent, with well-sorted and durable pebbles; appear to meet all the 
requirements that are expected of a basal conglomerate of a transgressing 
sea. The present evidence suggests that the Basal Reef in the Orange Free 
State Goldfield was deposited by a sea gradually transgressing to the west 
over a flat surface. This surface was, perhaps, the delta of a river that was 
continuously supplying detritus through out Upper Witwatersrand times. 
This is a controversial matter and further research is required. Certainly 
Professor Bain becomes controversial when he presumes to see firstly, a pat- 
tern to the ore, and secondly, that this pattern owes it’s origin to deposition 
by stream action. 

Peter L. Stems 

GEOLOGICAL DEPARTMENT, 

Free State Geputp Mines L1tp., 


WeELKoM, ORANGE Free State, Soutn ArFrica, 
March 15, 1961 





DISCUSSIONS 
KOLAR GOLD FIELD, INDIA 


Sir: In Vol. 55, p. 1429-1459, of this journal, S. Narayanaswami, M. 
Ziauddin and A. V. Ramachandra, have presented an interesting paper on 
the structural control and localization of gold-bearing lodes of Kolar Gold 
Fields. We have a few criticisms to offer in this connection. 

In discussing the geological structure of the Kolar schist belt, the authors 
suggest that this schist belt is a cut off portion of either of a homoclinal se- 
quence or of a recumbent anticlinal thrust over the gneissic rocks. So far, 
rocks older than the Dharwars have not been noticed in the State of Mysore; 
the time relation of the thrust to the rocks has not been made clear. 
While the authors realize the lack of criteria to establish the synclinal struc- 
ture of the Kolar schist belt, they seem to muster all the evidences to support 
cross folding. The injection of The Bisanatham granite has brought about 
the splitting of the schist belt (splitting of the schist belts due to later granitic 
injections is a very common feature in Mysore). Simple strike and dip 
observations alone cannot be used with confidence in these highly meta- 
morphosed rocks. The form of drag folds and attitude of fracture cleavages 
may be used for structural determinations, but such data must be employed 
with care, since drag folds and fracture cleavages may result from move- 
ments within the rocks, such as faulting and local deformations, subsequent 
to the regional folding. 

The physical-chemical nature of the host rock is the controlling factor 
for the distribution of the lodes. The concept of stratigraphic control in a 
terrain where the lodes are found at the contact of a series of rocks of dif- 


ferent degrees of metamorphism and of basic lava flows appears to be 
untenalle. 


The authors seem to be convinced of the hydrothermal origin of the Kolar 
gold lodes, however they are not sure whether they are syngenetic or epi- 
genetic type of deposits (p. 1457). Very little is said about the faults in 
relation to their bearing on the lodes and development of mineral deposit. 

Figure [(6) a & b, p. 1445] appears to be a longitudinal section and 
not a cross section. 

M. R. Srinivaso Rao 
B. L. SREENIVAS 
DEPARTMENT OF GEOLOGY, 
CENTRAL COLLEGE, 


3 ANGALORE, 
March 10, 1961 
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REVIEWS 


SHORT REVIEWS OF NEW RUSSIAN BOOKS 


Podschet Zapasov Mestorozhdenii Poleznykh Iskopaemykh. [The Calculation 
of Reserves in Mineral Deposits.] Edited by V. I. Smirnov and A. P. 
PROKOV'EV Pp. 672, 355 figs. Gosgeoltekhizdat, Moscow, 1960. Price 30r. 
35k. 


The establishment of a uniform code of practice in the calculation of mineral 
reserves is doubtless more necessary in a controlled economy than in free enter- 
prise, but western workers will find a great deal of value in this long monograph 
written by eight authors, with an introductory blessing from the Minister for 
Geology. The work is probably the most comprehensive in its field, covering not 
only mineral deposits of all kinds but also coal, oil, gas and underground water. 
Perhaps it is of interest to quote, in approximate translation, the main categories 
of reserves of solid minerals employed in Russian reports 


Category Al—Reserves fully known and delineated by preparatory mining 
works or by sinkings made in development; hydrogeological conditions known 
from established operations ; the industrial grade of the mineral and its distribution 


|? payability] established in each block; the quality and the technology of treat- 
ment of the mineral known as a result of tests of its industrial utility. 


Category A2—Reserves assessed in detail and delineated by mining works or 
borings; the conditions of bedding, the correlation between the natural occurrences 
of the mineral and its commercial grade | ? = percentage payability], the hydro- 
geological condition of the deposit, and the conditions of exploitation all known; 
the quality and technological properties of the mineral elucidated precisely, guaran- 
teeing the proposed scheme of beneficiation or technological use. 

Category B—Reserves assessed and delineated by mining works or borings; 
the conditions of bedding known; the correlation between the natural occurrences 
of the mineral and its commercial grade established generally without details of 
their relative distribution; the quality and technological properties of the mineral 
known in some measure, guaranteeing the choice of a scheme for beneficiation; 
the general conditions of working and hydrogeological conditions known fully 
enough. 

Category Cl—Reserves determined on the basis of widely spaced mining works 
or a wide network of borings, and bordering on resources of categories Al, A2, 
and B; also reserves of complicated deposits for which the distribution of the 
valuable mineral is not clear despite a close net of mining works; the quality, 
natural type, commercial grade, and technology of beneficiation of the mineral all 
determined in a preliminary way, on the basis of laboratory tests on samples and 
also from analogy with known deposits; the general working and hydrogeological 
conditions known in a preliminary way. 
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Category C2—Reserves bordering upon sections of a deposit in categories A2, 
B, Cl, and also conjectured from geological and geophysical data, with con- 


firmatory sampling of the mineral in some borings and mining works. 


The application of these rules is elucidated by 250 pages of examples covering 
a great diversity of types of deposit. 


Shlikhovye Poiski i Analiz Shlikhov. [Heavy-mineral prospecting and the 
anaylsis of concentrates.| By E. M. ZAKHAROvA. Pp. 168, 39 figs. Univer- 
sity of Moscow Press, 1960 Price 3r. 70k 


In a short paper-back suitable for senior undergraduate students a well-balanced 
account is given on techniques of prospecting and sampling of alluvial deposits 
and methods of mineralogical analysis of heavy concentrates. An appendix lists 
equipment and reagents necessary to establish a shlikh laboratory. Some half- 
dozen Russian text-books on this topic have appeared recently, emphasizing the 
importance attributed to the gold pan as a geologic tool. 


Metamorfizm. [Metamorphism.] By N. A. Ettseev. Pp. 414, 224 figs. Uni- 
versity of Leningrad Press, 1959. Price 25r, 35k. 


This well-written, orthodox, textbook on metamorphic rocks and metamorphic 
processes is based on lecture courses of the University of Leningrad. It does not 
say much that is new but its scope is wide, giving the student a nicely balanced 
blend of the principal Western and some Russian texts all within a single volume. 
Close on 40 of the authorities quoted in the Russian-language part of the bibli- 
ography are well known Western authors in Cyrillic disguise, whose works have 
been translated. 


Russkoe Zoloto. [Russian gold.] By V. V. Danirevsxir. Pp. 380. Metal- 
lurgizdat, Moscow, 1959. Price 17r. 70k. 


In a well-documented work replete with statistical data and with much informa- 
tion on mining methods a comprehensive account is given of the history of gold- 
mining in Russia from earliest times to the middle of the 19th century. A supple- 
mentary chapter relates the part played by Russian prospectors in opening up the 
gold-fields of the Danubian lands, the Carpathians and Balkans, Egypt and the 
Sudan, and California; and another details the operations undertaken by penal 
labour in Tsarist Siberia. The book also contains valuable essays on the history 
of discovery and by-production of platinum in the Russian gold alluvials, and on 
the early discoveries of diamonds in the auriferous placers of the southern Urals. 


Osnovy Teorii Litogeneza. [Principles of the theory of lithogenesis.] By N. M. 
StrRAKHOov. Vol. I, Pp. 212. Academy of Sciences, Moscow, 1960. Price 
16 r. 50k. 


This unusual monograph, based on more than 20 years of research, is planned 
in three volumes. The first of these is concerned with fundamental conceptions 
of the mode of formation of sedimentary rocks as interpreted from actualistic 
conditions. The second will analyse the laws of distribution of sedimentary de- 
posits in a humid environment, particularly aluminum, iron and manganese ores, 
coals and oil-shales, phosphorites, carbonate rocks and cherts, as conditioned by 
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syntectonic structures; and the third will treat similarly the products of an arid 


climate, including evaporites Che initial volume is for the greater part a mixed 


weathering and denudation under humid, glacial 
and arid conditions, on the geochemistry oO 


treatise on climatology, on rock 

{ river lake and oceanic waters and 
bottom deposits, and on the diagenesis of Recent sediments, all considered on a 
global basis; and the last 50 pages, with many palaeoclimatic maps, discusses along 
uniformitarian lines the development of sedimentary rocks as controlled by climatic 
and orogenic conditions throughout post-Proterozoic times. An English trans- 
lation is under consideration 

C. F. Davipson 
UNIVERSITY OF St. ANDREWS 
SCOTLAND, 


Feb. 13, 1961 


Geology of Ore Deposits (Geologiya Rudnykh Mestorozhdenii). Academy of 
Sciences of the USSR. July-August, 1959, vol. 1, No. 4 (in Russian). 

B. P. Krotov, Regularities in Distribution of the Supergene and Sedimentary Iron 
and Bauxite Deposits within the Boundaries of the Uralian Geosynclinal 
Region (Pp. 3-16). 


Conditions favorable for the formation of laterite occurred repeatedly in the 
territories occupied formerly by the Uralian geosyncline during the period be 
tween Cambrian and Neogene time. ‘The laterite developed when the peneplaned 
region was tectonically stable. Under humid subtropical conditions the ferruginous 
rocks weathered to laterite, while bauxites formed over rocks rich in alumina 
and alkalies. The periodic vertical movements after the formation of the Urals 
resulted in leaching and erosion of laterite under conditions of podzolization. 
During the podzolization, iron, nickel, and cobalt were redeposited in fractures 
and karst cavities below the zone of weathering and formed oolitic or deluvial 
clastic ores in depressions. The ferruginous laterites and bauxites are associated 
with the anticlines along the entire length of the Urals, since the anticlines con- 
sist of basic rocks and rocks of intermediate composition. At the present time 
only relics of fossil laterite are preserved. The author presents an outline of 
seven tectonic zones, each characterized by specific distribution of ore deposits, 
such as the chrome-bearing and nickeliferous iron ores of Orsk and Khalilovo, 
bauxites of Ivdel, illuvium iron deposits of the Alapayevsk type, and sedimentary 
bauxites. A map indicating the distribution of genetic types of deposits in the 
Urals accompanies the paper. The knowledge of regularities in distribution of 
ore deposits in the Urals may be used by geologists who are studying other 
mountain ranges formed under similar tectonic and climatic conditions. 


A. D. Shcheglov, The Geological Peculiarities in Distribution of Ore Deposits 
of the Western Transbaikal Region (Pp. 17-36). 


The Caledonian orogenic zone in the Transbaikal region of Siberia is char- 
acterized by metamorphic Precambrian rocks, intrusives of gabbro, gabbro-syenites, 


diorites, and granitoids. The Lower Paleozoic granitoids are covered by the 
Middle and Upper Paleozoic sedimentary-volcanic series. Flysh type arenites, 


1 Regular preparation of reviews of this Soviet journal is supported by a 


grant from the 
National Science Foundation. 













REVIEWS 797 






minor prebatholithic granite intrusions, granodiorites, and diorites are present in 


the Hercynian orogenic zone. The Caledonian orogenic zone contains numerous 





metasedimentary iron ore deposits, magnetite and titanomagnetite deposits, con- 





tact metasomatic iron deposits, and minor hydrothermal iron ore occurrences. 





rhe iron mineralization is a characteristic feature of the Caledonian metallogeny. 





The Hercynian metallogeny is accompanied by the formation of numerous 





deposits of gold, tin, tungsten, molybdenum, fluorspar, and other minerals. The 
earliest deposits are the gold-quartz deposits that formed during the prebatho 






lithic stage and are closely associated with minor intrusions of diorites, granodi 





orites, and in places with granite porphyries. The gold lodes and associated in 





trusions are emplaced in Middle Paleozoic sandstones, shales, and metamorphic 





rocks, and are unknown 


n granite plutons. The gold-quartz veins are meta- 
morphically altered at the contacts with batholiths. The numerous tin-tungsten 






deposits are genetically related to the major intrusions of pre-Permian granites. 





Cassiterite generally occurs in intensively greisenized and albitized pegmatites. 





The high-temperature deposits of cassiterite-wolframite and molybdenite with 
quartz represent the major type of deposits typical of the Hercynian orogeny. An 






independent group of tungsten deposits, accompanied by sulfides, is associated with 





the post-orogenic intrusions of granite porphyries which are 170-175 x 10° years 





it R 


old. Some molybdenite was formed prior to the deposition of tungsten ore. De- 





posits of this type occur also within the boundaries of the Caledonian structures. 4 





The youngest ore formations of the Hercynian zone are the low-temperature 





deposits of fluorite, antimony, cinnabar, and scheelite, which have no evident 





association with intrusive rocks. It is noteworthy that scheelite and cinnabar 











belong to the same stage of mineralization. 








A. U. Litvinenko, Structural Features and the Character of Distribution of Iron 


and Manganese in the Ore Bodies of the Kerch Deposit (Pp. 37-64, 2 plates). 









rhe deposit is of Middle Pliocene age and is located on the peninsula of Kerch 
in eastern Crimea. The deposit consists of nine ore bodies located in shallow 
basins which spread over a distance of 115 km. The length of these basins 
attains 6 to 20 km, and their width is 1.5 to 4 km. The thickness of ore beds 
ranges from 0.5 to 23.7 m. There is an unconformity between the ore beds and 
the underlying formations. The thickness of overburden ranges from 1 to 5 














m in the marginal zones of basins to over 70 m in the central parts. The ore 
beds dip to the centers of the basins at 2 to 5°, and in places at 17°. The prin- 
cipal ore-forming minerals are goethite-hydrogoethite, minerals of the psilomelane 






group, ferruginous chlorites, manganiferous siderite, calcium rhodochrosite, oligo- 





nite, and glauconite. The non-oxidized and oxidized ores are represented by 





oolitic ore, ore containing oolites sparsely disseminated in chlorite matrix, clastic 





ore, concretionary carbonate ore, and massive siderite ore. The manganiferous ore 





contains 4 to 10% Mn. Ores with high manganese content are generally located 





in the northern and northwestern parts of the basins. Iron, phosphorus, arsenic, 







and in part vanadium, are concentrated predominantly in oolites. Manganese 
concentrates mainly in concretions. The average iron content of the ore is 34.6 
to 39.8%, attaining 52% in oolites. The topography of the Cimmerian sea was 





the major factor determining the distribution of iron in sediments. However. 





there is no definite correlation between the concentration of iron and manganese. 





Warm and humid climate favored intensive chemical weathering of the Precam- 






brian iron deposits in the north, the Jurassic iron ores in the Caucasus, and 
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older manganese deposits that supplied complex solutions and the suspension of 
iron and manganese hydroxides to the basins of deposition. The presence of 
organic matter in the sediment favored redistribution of elements during the dia 
genesis. The concentration of manganese increased during the diagenesis, re 


sulting in formation of spherulites and carbonate concretions. The consecutive 


repeated redeposition, differentiation, and oxidation resulted in still further up- 


grading of ore. 


A. Ivanov, Distribution and Types of Potash Deposits (Pp. 65— 77). 


Conditions favorable for the accumulation of potassium salts are a rare phe- 
nomenon in nature. In most cases the process of forming halogenic deposits 
did not attain the stage of crystallization of very soluble potassium salts. There 
are 26 known salt basins and deposits in which potassium salts are well repre- 
sented. The time interval seems to indicate that the composition of marine salt 
complex did not change during geologic history. The main deposits of economic 
value as associated with salt formations of Permian, Paleogene, Neogene, Upper 
Devonian and Upper Jurassic age, and were formed under conditions of marine 
regression and favorable climatic conditions. These deposits are affiliated with 
mobile parts of platforms and are practically absent in geosynclinal regions. 
Deposits that are almost free of sulfates form when the SO,?- ion is removed 
from the brine due to ion exchange with the underlying silt. 


Fan De-Lan, Iron-Manganese Deposits of Vafanzy (Wa-Fang-Tzu) (Pp. 78-89, 
4 plates a. 


The deposit is located in northeastern China in the province of Liaoning and 
occupies an area of 80 sq. km. The country rocks are almost exclusively of 
Sinian and Cambrian age. The ore horizon consists of three ore layers ranging 
in thickness from 0.5 to 1.0 m, and intercalating with shales and cherty rock. 
The ore layers consist of manganite, braunite, and ferrous rhodochrosite. The 
ferrous rhodochrosite ore goes over in southeastern direction into oxide facies. 
The oxide ores contain 24.12% Mn, 12.44% Fe, and 20.63% SiO»s. The car- 
bonate ore contains 17.9% Mn, 13.15% Fe, and 21.35% SiO»s. Both types 
of ore contain about 0.75% P,O,. The three main genetic types of ore are 
represented by (1) the sedimentary recrystallized manganite and ferrous rhodo 
chrosite ore, slightly metamorphosed braunite and to some extent by the recrystal- 
lized carbonate ores; (2) strongly metamorphosed silicate-oxide and braunite 
ores; and (3) by the pyrolusite and vernadite-hydrogoethite ores which formed 
during the oxidation and weathering of primary ores. The manganite ore has 
a massive or oolitic texture. The silicate-oxide ores are frequently banded. 


A, M, Tsekhomsky, Problems of Origin and Distribution of Quartz Sands with 
Negligible Iron Content (Pp. 90-102). 


The tectonic development, change of climate, topography, and availability of 
quartz-bearing rocks are factors that determine the areal distribution and compo- 
sition of quartz sand deposits. The most favorable conditions for the formation 
and accumulation of quartz sands existed within the depressed parts of pre- 
Paleozoic platforms. The role of sands of continental origin increases with 
time between the Cambrian and Quaternary periods. Genetically the quartz 
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sands are subdivided into: (1) eluvial quartz sands, formed during chemical 
weathering of quartz sands and quartzites; (2) the deluvial, deltaic, alluvial, 
lagoonal, and fluvioglacial, representing the redeposited sands; and (3) quartz 
sands from which iron was removed by the leaching action of water rich in 
humic acids. 


V.1. Rekharsky, O. V. Krutetskaya, I. V. Dubrova, Redeposition of Molybdenum 
and Uranium by the Hydrothermal Bicarbonate Solutions (Pp. 103-110, 2 
plates ). 


The author studied under the microscope the relation between the uraniferous 
and carbonate veinlets in samples of hydrothermally altered acid igneous rocks 
containing albitized potash feldspar. Calcite replaces pitchblende and molyb 
denite at the intersections of two systems of veinlets. ' The newly-formed micro 
scopic spheroids of pitchblende were deposited on the faces of calcite crystals and 
on rock fragments, in places together with crystals of powellite. No molybdenite 
is paragenetically associated with the secondary pitchblende. U* and U** form 
soluble anions in carbonate solutions. The constants of equilibrium and the 
constants of dissociation indicate that an increase of amount of bases in solution 
up to a certain limit will result in precipitation of the insoluble uranates. Ex- 
periments were performed using 1% solution of NaHCO, for leaching of pitch- 
blende and molybdenite at 100°C. This experiment indicates that the presence 
of oxygen and uranium are factors that contribute to better solubility of molyb 
denum. The migration of uranium and molybdenum progressed in the form 
of potassium uranate and potassium molybdate. The bicarbonate solutions were 
enriched in potash as they penetrated the albitized rocks. 


N. V. Kuklin, Regularities mm Distribution and Formation of Tungsten Deposits 
in the Urals (Pp. 111-120). 


Most of the mineralized areas are genetically related to the Variscan granitoid 
massifs of the eastern slope of the range, while the minor part of the deposits is 
affiliated with the Precambrian granites of the northern and axial parts of the 
Urals. The most widespread type of deposit is represented by the scheelite- 
quartz and wolframite-quartz veins. Deposits of the scheelite skarn type occur 


less commonly. Major deposits of economic interest are characterized by the 


superimposition of scheelite-quartz and scheelite-carbonate mineralization over 
the scheelite-bearing skarns. The evidence from a series of deposits indicates 
that the process of ore formation always started with the deposition of scheelite. 
All three types of tungsten mineralization are genetically related to each other 
since they have a common source and belong to the same metallogenetic zone. 
The presence of one type of mineralization serves as a guide in prospecting for 
another type of mineralization. The wolframite-quartz deposits are generally 
of higher grade than the scheelite-quartz deposits. This is evidently due to the 
larger, deeper, and longer-lasting metal-bearing source. 


", A. Dunayev, Datolite Mineralization in Skarn Deposits of the Urals (Pp. 121- 
126 ). 


lhe boron mineralization is represented in the Urals by the tourmaline, 
axinite, and datolite types. The field evidence indicates that the datolite min 
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eralization is predominantly associated with the nonferrous skarns rich in lime 
and alumina, which formed at the contact of syenite with the overlying lime- 
stones. Datolite is absent in ferruginous skarns. The young age of datolite min- 
eralization is indicated by datolite veinlets cutting across all skarn minerals. 
The most important guides in prospecting for datolite deposits are the presence of 
barren leucocratic skarns, their immediate contact with the intrusive rocks 
(especially in the hanging wall), presence of vesuvianite, axinite, and wollastonite, 
and the location of skarns in marginal parts of ore deposits. The boron min- 
erals concentrate in external zones of the metasomatic halo, which consists of 
forsterite (clinocummingtonite) or phlogopite skarns, while no boron is present 
in skarns of magmatic stage, represented by spinel-olivine, hypersthene, and 
spinel-diopside varieties. 


Scientific Communications 


L. N. Khetchikov, R. M. Konstantinov, Distribution of Zinc, Lead, and Copper 
in the Country Rocks of Tin Deposits of the Far East (Pp. 127-133). Samples 
of rocks were taken across the ore bodies and across the strike of country rocks 
at distances up to 210 m. Due to better diffusion, the copper, lead, and zinc 
content in sandstones is higher than in siltstone. The increased concentration 
of an element in the country rocks corresponds to its high content in ore deposits. 
In general, the dispersion halos of metals are of higher intensity in fractured rocks. 


A. PD. Genkin, Recrystallization of Metacolloidal Ores (Pp. 134-136, 2 plates). 
The metacolloidal formations of pyrite and chalcopyrite were examined during the 


microscopic study of ore samples from the Kafan copper deposit in Armenia. 
The ore is represented by a very fine-grained aggregate with coarser spherical 
inclusions of the same minerals, which form the matrix. The fine-grained ag- 
gregate was formed after the deposition of a complex gel. The dehydration re- 
sulted in formation of desiccation fissures filled with chalcopyrite and isometric 
crystals of pyrite. 


N. V. Korolev, L. S. Agroskin, Apparatus for Determination of Reflectivity 
of Minerals (Pp. 137-140). The authors describe a microscope with photo- 
electric arrangement similar in design to the ultraviolet metallographic micro- 
scope. This enables measuring the reflectivity of minerals by comparing the 
luminous flux reflected by the sample with that of the standard. 


D. I, Pavlov, The First Interdepartmental Session of the Commission on the 
Regularities in Distribution of the Endogenous Mineral Deposits (Pp. 141-142), 
(Current Events). The session took place on May 18 and 19, 1959, at the 
Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry 
of the Academy of Sciences of the USSR. The program was devoted to metal- 
logenetic types of ore-bearing regions, importance of the structural and facial 
zoning in the metallogenetic analysis, and the problem of outlining the ore- 
bearing territories. The topics discussed reflect the general trend in the Soviet 
Union to direct the exploratory work and research in economic geology along the 
lines of metallogenetic evolution in time and space. 


EuGENE A. ALEXANDROV 
DEPARTMENT OF GEOLOGY, 
Co_tumMBIA UNIVERSITY, 
March 21, 1961 
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Geologie von Mitteleuropa. (The geology of middle Europe) By Paut Dorn 
Pp. 488; figs. 123; maps 19. Schweizerbart’sche Verlagsbuchhandlung., Stutt 
gart. 1960. Price, DM. 64.00. 


Professor Dorn did not live to see the new edition of his book of 1951. The 
work represents the most complete summary of the geology of Germany, a country 
which has perhaps the longest and one of the most fruitful heritage in geological 
and mining research. In addition there are several chapters varying in amount 
of detail that deal with adjoining territories in. Denmark, Sweden, Poland, Bohemia- 
Moravia, Austria, Switzerland, France, and Belgium. The author made a difficult 
attempt to define the boundaries of a “geological” Middle Europe. He did it with 
the help of tectonic and stratigraphic means, taking into account the ideas of 
Bubnoff, Stille and others. The order of treatment is the following: Introduction 
(basic geographical and geological characteristics) —The North German-South 
Baltic Depression and its South Scandinavian Border Regions—The Main Pre- 
Variscan and Variscan Regions of Middle Europe—The Mollasse-Basin—The 
Middle European Part of the Alps (a short treatise). 

The revised edition supplies important new data in an impressive quantity 
\ significant part of them consists of the results of deep-borings and geophysical 
research, which made the new structural evaluation of certain regions possible 
There is a wholesome balance in the treatment of the different aspects of geology. 
The lack of a usual research-historical part seems justifiable in this specific case. 
The omission of the Carpathian Basin from the work is all the more surprising 
because of the presence of some of 
maps. 


its geological features on certain attached 
It is unnecessary to prove it is a geologically, as well as geographically 
inseparable part of Middle Europe. An up-to-date treatment of this regional 
entity would have made the presence of such an obsolete designation as the 
“Hungarian Massif” impossible. 

This book blends an enormous amount of material harmoniously. Its concise 
style and proportionality make it very well organized and easily readable. The 
numerous maps, sections, tables all add up to this effect. The bibliography com- 
prises more than one thousand items and thus is an additional great help to the 
student of Europe and especially of the German regions 

Ervin G. Orvos 

YALE UNIVERSITY, 

New Haven, Conn 
Mar. 24, 1961 


Fracture Systems and Tectonic Elements of the Colorado Plateau. By Vin- 
cENT C. KeLtey and N. James Ciinton. Pp. 104; pls. 25, figs. 9. 
New Mexico Publ. in Geology No. 6, 1960. Price $2.75. 


Univ. 


This report of comprehensive fracture studies covers about 90,000 square miles, 
embracing most of the Colorado Plateau and parts of the adjoining Rocky Moun- 
tains. Fracture patterns, interpreted from aerial photographs, were combined on 
a tectonic map (scale 1: 506,880) showing thousands of fracture systems, folds, 
faults, intrusive igneous bodies, and structural divisions. Fracture systems, de- 
scribed under 35 tectonic divisions, are compared and their origin postulated. 

Joints range greatly in persistency, from those confined to a single bed to those 
continuing through a thick sequence of strata. In most places the joints are of 
different frequency and orientation in adjacent beds. Weak rocks, such as mud- 
stones, in general are much more jointed than strong rocks, such as massive 
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sandstones, contrary to previous general opinion. Dominant joints are nearly 
vertical in areas of low-dipping or little-folded rocks, whereas inclined longitudinal 
and oblique joint sets are common along monoclinal flexes. The authors conclude 
that many of the joint sets are older than the principal Laramide deformation and 
were nearly vertical before Laramide tilting 

Fracture systems are dissimilar for most of the large tectonic elements and 
commonly lack regular relationships to these large structural forms. Some con- 
sistency of orientation in the dominant regional sets in northeasterly, northwest- 
erly, and easterly directions suggests some over-all deep-seated stress system that 
was generally responsible for the final gross features of the fracture pattern 
Chree east-west lineaments of fracture zones, the Cache Valley, Rico, and Rattle- 
snake, are thought to be reflections of shear zones in the basement which may 
have been active before and during Laramide deformation 

The text and maps are significant contributions to regional structural geology ; 
this mass of factual information will provide bases for the economic geologist’s 
projections, as well as material for theoretical consideration of fractures and 
possible related hidden structures 

FRANK E. KoTtLowskI 
New Mexico Instirute Mininc & TECHNOLOGY, 
Socorro, New MEXIco 


Beaches and Coasts. By C. A. M. Kine. London, Edward Arnold, Ltd., New 
York, St. Martin’s Press, Inc., 1959, xii, 403 p., $14.50. 


Dr. King’s book represents a very much-needed and welcome compilation of 
most of the voluminous, but scattered literature on beaches. The book is to be 
strongly recommended to all geologists if for no other reason than that Dr. King 
has reviewed the work of the U. S. Army Engineers Beach Erosion Board, which 
has been generally ignored by geologists. It also includes, however, much of the 
English language and also the French, German, and to some extent, Russian litera- 
ture, but emphasizes the physiographic rather than geologic papers. The only 
obvious omissions are the Proceedings of the Conferences on Coastal Engineering 
and the geologic work in the Gulf of Mexico, such as that carried out by American 
Petroleum Institute’s Project 51. In spite of the generally cosmopolitan sources 
of the literature reviewed, however, the book retains a strongly British flavor. 
For example, a general discussion of tides in Chapter 1 is abruptly interrupted by 
a section entitled “Tides around the British Isles” with no other very obvious 
reason for including it other than that it deals with British subject matter. 

The reviewer would characterize this book as consisting of approximately equal 
parts of the Beach Erosion Board Technical Memoranda, J. A. Steers’ Coastline 
of England and Wales (1946), and Dr. King’s own model tank and physiographic 
researches, the latter aspect showing the lingering influence of Douglas Johnson 
Though many topics are broached and their literature reviewed (for example, 
coastal classification), many are generally dropped before being fully developed. 
The result is that one has the feeling of having been under the fire of birdshot. 

The organization proceeds according to logically arranged chapters, but the 
actual disposition of much of the material has resulted in scattering and dupli- 
cation. For example, the highlights of the whole book are unfolded in Chapter 1, 
and then re-examined later in subsequent chapters. Material on beach sediment 
and morphology appears in Chapters 4 (Movement of material on the beach) ; 
5 ( Beach profiles, experimental results and surveying techniques) ; 8 (Constructive 
wave action and coastal accretion); 9 (Destructive wave action and coastal ero- 
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sion) ; and 10 (Beach gradient and beach profiles). No clear thread of what con- 
stitutes the salient features of or principles affecting beach sediments is presented. 
\ similar scattering is achieved by Chapters 7 (Classification of beaches and 
coasts) and 12 (Coastal types and their development—the marine cycle). These 
two chapters stand apart and appear nearly unrelated to the material in other 
chapters. 

In spite of having based a major part of the book on reviews of the literature, 
the author curiously passes over with but brief mention the detailed results from 
the north coast of Norfolk, England, with the remark that “much of this work has 
been published by Steers (1934, 1946), there is no need, therefore, to discuss these 
features in detail here.” Considering how little known in geological circles out- 
side Britain is this excellent work in question, for example, one may well lament 
this decision of the author’s. After all, most of what is in this book has also 
been published, but not by J. A. Steers! 

\ thorough and informative account of the February, 1953, storm surge in the 
North Sea is tucked away in Chapter 9; numerous other gems of information are 
also to be found hither and yon within the covers of this book. The references 
are voluminous, but suffer from want of a master list arranged alphabetically by 
authors. Instead, they appear by chapters in order of citation in the text. 

The text has been carefully. edited. Illustrations consist exclusively of line 
drawings. The price of $14.50 seems a little high for the Beach Erosion Board's 
work, but then, this material is unavailable elsewhere save in the neglected original 
publications. All sedimentologists should have a copy of this book; geologists 
interested in ancient sediments will benefit by the material on beach processes, even 
though the book has been written from a non-geologic point of view. The book 
will also prove very useful to anyone concerned with the economic problems of 
coastal protection. 

Joun E. SANDERS 

DEPARTMENT OF GEOLOGY, 

YALE UNIVERSITY, 
March 16, 1961 


BOOKS RECEIVED 


ROGER L. AMES, ERIC S. CHENEY AND JOHN E. COTTON 


International Tin Council, 1960, Statistical Year Book. D. L. Pike, Statis- 
tician. Pp. 283. Haymarket House, London, 1961. Price, $9.00. An inter- 
national survey of mine and smelter tin production, imports, exports, consumption, 
and tin-plate industry and the canning industry; position of each tin-producing 
and tin-consuming country. 

Studies in Paleobotany. Henry N. Anprews, Jr. Pp. 487. John Wiley & 
Sons, New York, 1961. Price, $11.75. Introductory textbook of sixteen chapters 
dealing with various types of fossil plants; also palynology and techniques of study. 
The Mediterranean Lands. D. S. Wacker. Pp. 524; figs. 56; pls. 32. Methuen 
& Co., London, 1961. Price, $6.75. An interestingly written geography of those 
lands giving history, climate, structure, industries, and economics. 

Scandinavian Research Guide—Directory of Research Institutions Within 
Technology and Science (Exclusive of Life Sciences). 2 Vols. Pp. 687; 
486. Scandinavian Council for Applied Research, Blindern, Norway, 1961. Price, 
$10.00. Comprehensive coverage of physical sciences and technologies in the five 
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nations. Gives research institutes and laboratories, central research organizations, 
universities and technology institutes, scientific societies and publications, scien- 
tific and technical libraries, and productivity centers; covers everything from 
acoustics to yeasts. 

Mineral Wealth of Wales—and Its Exploitation. Trevor M. Tuomas. Pp. 
248; figs. 46; pls. 13. Oliver and Boyd, Edinburgh, 1961. Price, 32s. Ex- 
tensive coals and coal mining, stones, clays, refractories; former ion ores, lead- 
inc, gold, copper, and manganese. Detailed descriptions and discussions of origin 


Charles Richard Van Hise. Maurice V. VAnce. Pp. 246. State Historical 
Society of Wisconsin, Madison, 1960. Price, $6.00. An excellent biography of 
Van Hise as a great geologist, as a progressive university president, and as a 
ivic-minded citizen 


Lexicon of Paleozoic Names in Southwestern Ontario. C. G. WinperR. Pp 
121. Univ. of Toronto Press, 1961. Price, $6.00. An alphabetical list of names 
giving age, author, discussion, history, lithology, distribution, and references. 


Spectrochemical Analysis, 2nd Edit. L. H. Anrens and S. R. Taytor. Pp. 
454. Addison-Wesley Publishing Co., Reading, Mass., 1961. Price, $15.00. 
Part I, General Principles includes interpretation of spectra, discharge and power, 
sample preparation and operating procedures, qualitative analysis, selective volatil- 
ization, internal standards, change of matrix, enrichment, photographic measure- 
ment, and band spectra. Part II covers the elements. An appendix gives wave 
length tables. Comprehensive and a good text 


Mineral Resources of Colorado, First Sequel. S. M. Det Rio and others. 
Pp. 764; pls. 6; figs. 75. Colorado Mineral Resources Board, Golden, 1960. 
This volume is in four parts: 1) mineral resources, which includes a historical 
summary, mineral production, and mineral reserves by counties; 2) metals; 3) 


oil shale and coal; and 4) petroleum and natural gas. 


An Introduction to the Moon. Jonun W. Satissury. Pp. 29; figs. 8. TN60- 
456. Air Force Research Division, Laurence G. Hanscom Field, Bedford, Mass., 
1960. A layman’s guide to lunar geology 

Annual Report of the Director of the Mint Fiscal Year Ended June 30, 1960. 
Pp. 127; tbls. 30. Price, 40 cents. U. S. Govt. Printing Office, Washington, 
1961. Several pages of summary of U. S. production and consumption of gold 
and silver. 


Noticia preliminar sobre la existencia de minerales de niquel en la Mina 
Purisima (Rumicruz), Dto. Cochinoca, Jujuy. Raut CHomNALEs, Roperto 
M. Vazquez and Ramon Patou. Pp. 5; fig. 1. Comunicacion 2, Instituto de 
Geologia y Mineria, Universidad Nacional de Tucuman, S.S. De Jujuy (Rep. 
Argentina), 1960. Nickeliferous copper sulfides were the last ore minerals de- 
posited by epithermal solutions. 


The Australian Mineral Industry—Quarterly Review and Quarterly Statistics, 
Vol. 13, No. 2, December, 1960. Pp. 22; tbls. 10. Price, 6/-. Australian 
Bureau of Mineral Resources, Geology, and Geophysics, Canberra. A study of the 
statistical indexes of production and exports reveals a slowing-down of production 


Drilling and Blasting Symposium. Pp. 338. Price, $4.00. Quarterly of the 
Colorado School of Mines, Vol. 56, No. 1, January, 1961, Golden. Compilation of 
the reports and discussions from the Tenth Annual Drilling and Blasting Sym 
postum. 
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A Marine Carnivore from the Clallam Miocene Formation Washington—Its 
Correlation with Nonmarine Faunas. R. A. Stirtron. Pp. 23, figs. 4. Price, 
75 cents. University of California Publications in Geological Sciences, Vol. 36, 
No. 7. Taxonomic description, stratigraphic environment, and regional correla- 
tion are given in the report. 

On the Chromites of the Kemi Deposits, Northwestern Finland. O. VAAsjoxk1 
and AuLis HEIKKINEN. Pp. 25; figs. 8; pls. 8; tbls. 3. Bull. de la Commission 
géologique de Finlande N:o 194, Helsinki, 1961. Microscopic and analytical in- 
vestigations indicate that the composition of the chromite corresponds to that of 
alumoberezowskite. Alteration bands and excolution products are described. The 
deposits are thought to have originated as a liquid-magnetic segregation in con- 
nection with the gravitative crystallization differentiation of the ultrabasics of the 
Kemi region. 

Annual Report of the Department of Geology and Mining for the Period 
1-1-1958 to 31-12-1958. Pp. 22. Government of Madhya Pradesh, Natural Re- 
sources Department, Indore, 1960. Includes a review of the working of the Mines 
Act, 1952 (Act 35 of 1952), in Madhya Pradesh. 

Geology and Ground-Water Resources of the Grants-Bluewater Area, Valen- 
cia County, New Mexico. Exiis D. Gorpon. Pp. 109; figs. 14; tbls. 12; pls. 
2. Map, scale 1”/1 mile. Technical Report 20, New Mexico State Engineer, 
Santa Fe, 1961. 

Rept. of Investigation 37, North Dakota Geological Survey. Maps of the 
Frobisher-Alida Interval, North Dakota. W. P. Eastwoop. 3 plates. Logs and 
cross sections and isopach maps accompanied by brief te-xt. 

Le Volcanisme de I’Ile de Faial et Eruption du Volcan de Capelinhos. Pp. 
99; figs. 20; pls. 66; tbls. 7. Map, scale 1/25,000. Servigos Geologicos de Portu- 
gal, Memoria No. 4—(Nova Série), Lisbon, 1959. Five articles describe the 
1957-1958 eruption, characterized by violent pseudo-vulcanic explosions, which 
built a 1 square km. peninsula and cone 127 meters above sea level. A sixth 
article describes the 10 month eruption of 1672. The plates are excellent photo- 
graphs of volcanism, petrology, damage, morphology, and activity. 

The Mining Industry of the Province of Quebec in 1959. Pp. 160; pls. 4. 
Quebec Department of Mines, Quebec, 1961. The value of mineral production 
nearly reached the half billion dollar mark with a 20 percent increase over 1958. 
The increase is due chiefly to the increase in value of copper, iron ore, asbestos, 
titanium oxide, and building stone. 

Geological Maps, scale 1/125,000. Sheets 22, Nelspruit; 241, Nieuwoudtville ; 
253, Bitterfontein; 4, Rustenburg; 69, Volksrust, with map of coal field. South 
Africa Geological Survey, Pretoria, 1961. 


Virginia Mineral Localities (Supplement 1). Ricuarp V. Dierrics. Pp. 31. 
Bull. of the Virginia Polytechnic Institute, Vol. LIV, No. 4, Blacksburg, 1961. 
This new bulletin in the series presents new minerals, localities, and identification 
aids. 


Service de la Carte Géologique de l’Algérie—Algiers, 1959-1960. 
Bull. 21. Esquisse Géologique du Djebel Mesloula (Algérie Orientale). 
Georces Dusourpieu. Pp. 155; figs. 15; pls. 6. A study of Triassic gypsum 
diapirs near the Tunisian border. 
Bull. 23. Etudes and Reconnaissances Géologiques sur L’Axe Cristallin 
Yetti-Eglab et ses Bordures Sédimentaires. Pierre Gevin. Pp. 328; pls. 20; 
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figs. 70. (English and German summaries.) Part One is devoted to the study 
of the sedimentary rim of the Yetti-E-glab crystalline axis The tectonic history 
of the sedimentary basins bordering the axis is intimately tied to basement sub- 
sidence along Precambrian fractures 


Mémoire 1. Contribution a L’Etude des Scaphopodes Fossiles de L’Afrique 
du Nord. Daniet Fantiner. Pp. 11; pls. 12. Complete paleontologic and 
stratigraphic description of Tertiary and Quaternary scaphopods. In French. 


Annals of the Royal Museum of the Belgian Congo—Tervuren, 1960. 

Vol. 33. Sismique. Pierre Evrarp. Pp. 87; pls. 7; figs. 13. This volume 
contains a summary of refraction and reflection seismic methods and the data of 
three refraction and one reflection traverse in the Congo Basin and the interpreta- 
tion of this data In French 

Vol. 34. Description du Sondage de Dekese. L. Canen, J. J. Ferranp, M. 
J. F. HaarsMa, J. LErerRsONNE, and Tu. Verseex. Pp. 33; pls. 3; figs. 2. The 
lack of good sections in the central part of the Congo Basin led to a drilling pro- 
gram that is reported here. In French. 

Vol. 36. Gravimetrie. L. Jones, P. L. Marnieu, and H. Strencer. Pp. 42; 


figs. 13; maps 2. A general introduction to gravimetry. In French. 


Royal Academy of Overseas Science—Brussels, 1960. 


Publication 1. La Mission géophysique du Centre national de Volcanologie 
au volcan Nyiragongo (1959). P. Evrarp. Pp. 21; figs. 9. Resumé of studies 
started during the 1959 expedition to the Nyiragongo volcano. In French 

Tome XIII, fasc.2. Etude gravimétrique préliminaire du Graben de I’ Afrique 
centrale. P. Evrarp, L. Jones, and P. L. Matuiev. Pp. 48. 1 map, scale 


1”“/50 km. A summary of the methods employed and the results obtained. In 
French. 


California Department of Natural Resources—San Francisco, 1960. 


Legal Guide for California Prospectors and Miners. Caries L. Gi_more. 
Pp. 128; figs. 3. Price, $1.00. An indispensible aid to those actively prospecting 
in the state. 

Geologic Map of California—Westwood Sheet. Scale 1/250,000. Price, $1.50. 


Geological Survey of Canada—Ottawa, 1960-1961. 

Paper 60-12. Geological Observations in Northern New Quebec. Racru 
Kretz. Pp. 17. Map, scale 1/1,013,760. Price, 50 cents. A reconnaissance 
report of part of Northern Ungava with emphasis on regional variations of meta- 
morphic grade, structural features, and glacial geology. 

Paper 60-20. Belcher Islands, Northwest Territories. G. D. Jackson. Pp. 
13. Map, scale 1”/2 miles. Price, 50 cents. Kipalu iron-formation occurs on 
the islands but is generally fine-grained and low grade ore not amenable for 
bene ficiation. 

Paper 60-26. Subsurface Stratigraphy of Ordovician Rocks in Southwestern 
Ontario. B. V. Sanrorp. Pp. 54; figs. 14; tbl. 1. Price, 50 cents. The present 
study divides the Ordovician system into readily recognizable subsurface rock units. 


Paper 61-2. Summary Account of the Cretaceous Alberta Group and Equiv- 
alent Rocks, Rocky Mountain Foothills, Alberta. D. F. Srorr. Pp. 33; figs. 
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2. Price, 50 cents. A preliminary report on the Alberta group and detailed lith- 
ologic correlations of the strata 


Paper 61-3. The Mineral Industry of the District of Mackenzie, Northwest 
Territories. W. R. A. Baracar. Pp. 28. Price, 25 cents. This account ex- 
cludes fossil fuels and gives summary of prospecting and development stage opera- 
tions. 

Paper 61-4. Pollucite (Acesium) in Canada. R. Muttican. Pp. 4. Price, 
25 cents. A substantial deposit of high-grade pollucite has been blocked out at 
the mine of Chemallory Minerals Ltd. at Bernic Lake in S. E. Manitoba. 
Memoir 308. Nelson Map-Area, West Half, British Columbia. H. W. Littce. 
Pp. 205; pls. 5; figs. 19; tbls. 3, correlation chart, and 2 maps—scale 1”/4 miles. 
Price, $1.75. The mapped area has been an important mining district since the 
late 1800's and is presently the major source of Canadian tungsten production. 


Memoir 311. Ammonoid Faunas of the Upper Triassic Pardonet Formation, 
Peace River Foothills, British Columbia. F. H. McLearn. Pp. 118; pl. 1; 
figs. 3; thls. 3. Price, $2.50. The memoir assembles, coordinates and revises 
information from previous short papers. Faunal zones, correlation, and systematic 
paleontology are treated 


Bull. 65. A Late Silurian Fauna from the Sutherland River Formation, Devon 
Island, Canadian Arctic Archipelago. Artriur J. Boucor and others. Pp. 51; 
pls. 10; figs. 10. Price, $1.25. A series of articles on the faunal assemblage 
collected. 

Bull. 75. The History and Geology of Meighen Island, Arctic Archipelago. 
R. THorsternsson. Pp. 19; figs. 2; pls. 6. Price, 75 cents. Bedrock exposed 
around the periphery of the ice-cap is assigned to the Beaufort formation of post- 
Eocene age. 

Geologic maps 38-1960, St. Ann’s, Nova Scotia; and 49-1960, Prince George, 
British Columbia. Aeromagnetic map 1028g, Coronation Mine area, Sask., 
Manitoba, 1/31,680; magnetic anamoly, Quinn Lake, N.W. Territories, No. 
1027G, scale 1/31,680. Geologic maps, 1/253,440, Lake St. Joseph, Ont.; No. 
92, Fraser River, B. C., 1/100,000; 10d9A, Alberta oil and gas fields, 1/1,267,200; 
No. 33, Montague, P.E.I., 1/63,360. 


Indiana Geological Survey—Bloomington, 1960. 


Rept. of Progress 20. Preliminary Engineering Geology Report of Dam Sites 
on the East Fork of the Muscatatuck River in Scott, Jennings, and Jeffer- 
son Counties, Indiana. Joun D. Winstow. Pp. 30; pls. 5; figs. 3. Map, 
scale 1”/1 mile. Price, $1.00. The stratigraphic column has been divided into 
five units based on engineering characteristics. 

Rept. of Progress 21. Seismic Velocities and Synthetic Seismogram Com- 
puted from a Continuous Velocity Log of a Test Well to the Basement Com- 
plex in Lawrence County, Indiana. M. E. Bices, R. F. BLaKety, and A. J. 
RupMAN. Pp. 15; figs. 4. Price, 50 cents. Data from the first continuous 
velocity log of a well into the basement used to identify reflections obtained 
in the seismic survey. Correlation between the results of a synthetic seismogram, 
constructed for the interval from the Devonian limestones to the basement, and a 
field seismogram suggest that a prominent reflection being mapped in southern 
Indiana may originate from rocks within or immediately above the basement 


complex. 
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Rept. of Progress 22. Deep Test Well in Lawrence County, Indiana: Drill- 
ing Techniques and Stratigraphic Interpretations. T. A. Dawson. Pp. 36; 
pl. 1; figs. 7; thls. 5. Price, 50 cents. This well is the seventh Indiana well to 
have been drilled to the Precambrian and has revealed a 4,290 foot lower Ordo- 
victan and Cambrian section. 


Rept. of Progress 23. Channel-Fill Sandstones in the Middle Pennsylvanian 
Rocks of Indiana. S. A. FriepMan. Pp. 59; pls. 2; figs. 16; tbl. 1. Price, 
50 cents. This report gives the geographic and stratigraphic distribution of the 
sandstones, provides a geometrical classification for their recognition, and dis- 
cusses their tectonic relations 


Bull. 18. Minerals of Indiana. R. C. Erp and S. S. Greenserc. Pp. 73; figs. 
2; thls. 3. Price, 75 cents. A literature study with some field checking on the 
observed locations and modes of occurrence of all significant minerals present. 
Bull. 21. Stratigraphy of the Ohio River Formation. W. J. Wayne. Pp. 
44; pls. 3; figs. 3; tbls. 2. Price, $1.25. Field mapping and petrographic work 
suggest that the Ohio River formation is related to Cretaceous and Eocene de- 
posits of the Mississippi Embayment. 

Mineral Economics Series 6. Oil Development and Production in Indiana 
During 1959. G. L. Carpenter and Howarp SmitH. Pp. 18; fig. 1; tbls. 2. 
Price, 50 cents. Oil production in Indiana during 1959 totaled 11,554,142 barrels. 


Illinois Geological Survey—Urbana, 1961. 


Circ. 311. Strippable Coal Reserves of Illinois. Pt. 3—Madison, Macoupin, 
Jersey, Greene, Scott, Morgan, and Cass Counties. W. H. Smirn: Pp. 40; 
pls. 4; figs. 2; thls. 4. 3 maps, scale 1”/% mile. This report is concerned with 
large reserves of No. 2 and No. 6 coals in the western part of the enumerated 
counties. 


Circ. 312. Subsurface Geology and Coal Resources of the Pennsylvanian 
System—Sangamon, Macon, Menard, and Parts of Christian and Logan Coun- 
ties, Illinois. Kennetu E. Criecc. Pp. 28; pls. 4; figs. 5; tbls. 2. Available 


information indicates that reserves of No. 6 (Herrin Coal) and No. 5 (Spring- 
field Coal) are considerably greater than early estimates suggested. 


Circ. 313. Effects of Outdoor Storage on Illinois Steam Coals. O. W. 
Rees, F. C. Cootican, E, D. Pierron, and C. W. Beecer. Pp. 10; figs. 2; tbls. 
3. Outdoor storage reduces calorific values by about 2 percent over periods of 
one year. 

Circ. 314. Anvil Rock Sandstone and Channel Cutouts of Herrin (No. 6) 
Coal in West-Central Illinois. P. E. Porrer and J. A. Stmon. Pp. 12; pls. 2; 
figs. 4. Data from oil test drilling have enabled the definition of large areas of 
cutout due to late Pennsylvanian drainage 


Geological Survey of Japan—Hisamoto-ch6, Kawasaki-shi, 1960-1961. 

Explanatory Text of the Geological Map of Japan. Kamisarufutsu (Asa- 
hikawa-16). Keisaku TANAKA. Pp. 65; figs. 11; tbls. 8. Map, scale 1/50,000. 
English abstract. The mapped area is in northern Hokkaido and ts underlain 
by Mesozoic and Tertiary sediments and intrusives. 
Explanatory Text of the Geological Map of Japan. Uzenkaneyama (Akita- 
57). AtsusH1 Ozawa and Kryosui1 Sumi. Pp. 66; figs. 11; tbls. 14. Colored 
map, scale 1/50,000. English abstract. The mapped area is in northeast Japan 
and is underlain by volcanics and sediments of Neogene Tertiary age. 
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Montana Bureau of Mines and Geology—Butte, 1961. 


Special Publ. 20. A Comparative Tax Study of Montana’s Oil Industry. |) 
H. HARNISH Pp. 16. /t is shown that Montana imposes the highest per barrel 
tax of any of the major oil producing Rocky Mountain states. 


Bull. 20. Directory of Known Mining Enterprises 1960, with a section on 
The Mineral Industry of Montana 1960. F. A. CrowLey and Tuomas Mor- 
GAN. Pp. 67; pl. 1; tbls. 4. 


Bull. 21. Preliminary Report on the Geology and Ground-Water Resources 
of the Northern Part of the Deer Lodge Valley, Montana. R. L. Konizesk1, 
R. G. McMurrtrey, and Avex Brietrkrietz. Pp. 23; figs. 6; pl. 1; tbls. 2. Ter- 
tiary and Quaternary deposits provide adequate yields for all uses. 


Ontario Department of Mines—Toronto, 1960-1961. 


Geological Rept. 1. Uranium and Thorium Deposits at the Base of the 
Huronian System in the District of Sudbury. J. E. THomson. Pp. 40; photos 
5; charts 10. Nineteen occurrences of radioactive conglomerate are described; 
these are lithologically and stratigraphically similar to the Blind River-Elliot Lake 
area and thought to be essentially of sedimentary origin. 

Geological Rept. 2. Maclennan and Scadding Townships. J. E. Tuomson. 
Pp. 34; 4 map figs.; 5 photos; 1 colored map, scale 1”/14 mile. A detailed restudy 
of part of the eastern nickel range at Sudbury and the country immediately east 
of it. Nickel-copper deposits and gold-copper showings have been developed, and 
a low-grade uraniferous conglomerate has been investigated. 

Geological Rept. 3. Niobium-Bearing Complexes East of Lake Superior. 
G. E. Parsons. Pp. 73; figs. 17; photos 16, maps 4, scale 1”/1%4, mile. A de- 
scription of the gross geological and magnetic features of four niobium-bearing 
carbonate-alkaline complexes: Seabrook, Firesand, Nemegosenda, and Lackner 
Economic deposits have been found only in Nemegosenda and Lackner bodies. 
Geological Circ. 9. Pleistocene Geology of the Galt Map-Area. P. F. Kar- 
row. Pp. 7; fig. 1. Map, scale 1/63,360. 


Somaliland Protectorate Geological Survey—Hargeisa, 1960. 


Rept. 3. Report on the Geology of the Las Khoreh-Elayu Area, Erigavo 
District. J. E. G. W. Greenwoop and J. A. B. Stewart. Pp. 36; pls. 4; maps 
3, scale 1/125,000 and 1/12,500. Price, shs. 20/—. Stratigraphic and structural 
descriptions of the Precambrian (?) Inda Ad Series are given and a summary of 
economic prospects. 

Rept. 4. Report on the Geology of the Berbera-Sheikh Area, Berbera and 
Burao Districts. Joun A. Hunt. Pp. 27; pls. 5; fig. 1. Amn attempt has been 
made to distinguish lithologically and chronologically the various Archean base- 
ment rocks and their gabbroic and granitic intrusions. With the exception of 
Eocene gypsum and anhydrite, minerals of economic importance have not yet 
been found in important quantities. 


Tennessee Department of Conservation (Geology)—Nashville, 1961. 
Rept. of Investigations 12. Geology of the Mascot-Jefferson City Zinc Dis- 
trict, Tennessee. C. R. L. Oper and J. E. Ricketts. Pp. 29; pls. 3; 
Map, scale 1”/2 miles. This report which served as a guidebook for the 1961 
field trips of the Southeastern section of the GSA covers general geology, zinc 
deposits and their origin. 


figs. 2 
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Rept. of Investigations 13. Structural Geology Along the Eastern Cumber- 
land Escarpment, Tennessee. Grorce D. Swincie. Pp. 46; pl. 1; figs. 8. 
Detailed mapping indicates that the structures of the Cumberland Plateau and the 
Valley and Ridge coalesce, and that no sharp structural break exists between the 
provinces as suggested by the present erosional Cumberland Escarpment. 

Bureau of Economic Geology, The University of Texas—Austin, 1961. 
Rept. of Investigations 42. Texas Gemstones. Evsert A. Kina, Jr. Pp. 42; 
pls. 6; figs. 20; tbl. 1. Price, 40 cents. Twenty-three Texas gemstones are de- 
scribed in terms of composition, properties, and locality. Detailed procedures, 
including illustrations, are given for cutting and polishing gemstones. A glossary 
1s provided. 
Report for 1960. Pp. 9; figs. 7; tbl. 1. This annual report discusses the Bureau's 
publications, current projects, staff news, and acquisitions of equipment and col- 
lections during 1960. Texas mineral industry news for 1960 is also reviewed. 


Maden Tetkik ve Arama Enstitiisii—Ankara, 1959-1960. 

Rept. 104. Das Ophiolitgebiet von Pozanti und seine Chromerzlagerstaetten. 
HERMANN BorcuHert. Pp. 70; figs. 66. Petrology of ophiolites and their rela- 
tion to chromite deposits. In German. 

Rept. 105. Die Chromitvorkommen in der Umgebung von Yesilova-Burdur. 
HERMANN Borcuert. Pp. 63. Pls. 21. General regional geology with detailed 
descriptions of some of the small chromite deposits. Also has chapters on the 
relation of tectonics and form of peridotite to the chromite deposits. In German. 
Rept. 106. Die Chromitvorkommen im Peridotitmassiv westlich von Aci- 
payam-Denizli. Hermann Borcuert. Pp. 55; pls. 5. Petrographic descrip- 
tion of the chromite-bearing peridotite and discussion of its genesis. In German. 


United Arab Republic Geological Survey—Cairo, 1959-1960. 

Paper 6. Cassiterite-Wolframite Mineralisation Near Gebel El-Mueilha East- 
ern Desert of Egypt. M. F. Er-Ramiy, M. Kamat AKaap, and D. M. AL-Far. 
Pp. 19; figs. 5; tbl. 1. Price, P.T. 20. Cassiterite and wolframite ore occur as 
quartz fissure veins in muscovite granite and older metasediments. The deposits 
are within the aureole of late Precambrian pink granite intrusion. 

Paper 7. Potassium-Argon Ages of Some Rocks from the Eastern Desert 
of Egypt. Riap A. Hicazy and M. F. Exr-Ramiy. Pp. 18; fig. 1; tbls. 2. 
Price, P.T. 15. Basement rocks of the Eastern Desert have absolute ages of 
430-540 my. 


Paper 8. The Basement Complex in the Central-Eastern Desert of Egypt 
Between Latitudes 24° 34 and 25° 40’ N. M. F. Ex-Ramiy and M. KAMAL 
AKAAD. Pp. 35; pl. 1; figs. 2; tbl. 1. Price, P.T. 50. Geologic work previously 
done by many authors in twenty-two quadrangles, covering 10,273 square kilom- 


eters, is compiled in a 1/250,000 map. 
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SOCIETY OF ECONOMIC GEOLOGISTS 


REPORT OF THE NOMINATING COMMITTEE 


Pursuant to Article III, Section 3 of the Constitution and By-laws of the 


Society, the following is the report of the Nominating Committee of the Society 
for 1961: 


April 27, 1961 


The Nominating Committee for the Society of Economic Geologists for 1961 
has agreed upon and forwards to you (the Secretary) the following slate of 
candidates : 


For President, 1963 Charles F. Park, Jr. 
For Vice President, 1963 Roger H. McConnel 


Three Councilors Harold L. James 
(April 1, 1962 through James P. Pollock 
March 31, 1965) George Ordontiez 


For Regional Vice Presidents, 1962 


Africa Byron B. Brock 
\ustralia Eric A. Rudd 
South America Robert D. Butler 
\sia M. S. Krishnan 
Europe Gerhardus Krol 
North America J. M. Harrison 


Sincerely yours, 


S. WarREN Hosss, Chairman, 
Nominating Committee 


The Committee: 

G. DonaLp EMIGH 
DonaALD M. FRASER 
S. WARREN Hopss 


The report of the Committee has been approved by the Council of the Society. 


EuGENE N. CAMERON 
Secretary 











Economic Geology 
Vol. 56, 1961, pp. 812-814 


SCIENTIFIC NOTES AND NEWS 


The Rocky Mountain Association of Geologists field conference will be held 
starting at Salida on September 6. Write Conference Chairman, Denzil W. 
Bergman, 1600 Ogden Street, Denver 5, Colorado. Guidebook. 

Horace D. Tuomas, State Geologist of Wyoming and Geology Professor, 
University of Wyoming, has been selected as the 1961 recipient of the American 
Association of Petroleum Geologists’ George C. Matson Award, made annually 
in recognition of the best technical paper presented at the Association’s annual 
meeting 

A WitiiAmM Oris Crosspy Lecturesuip in Geology has been established at 
M.I.T. as a memorial to one of its earliest geology graduates, who also taught at 
M.I.T. from 1875 to 1907. The lectureship is a bequest from the estate of the 
late Irving Ballard Crosby, only son of William Otis and Alice Ballard Crosby. 
Under the terms of the bequest, scientists of note will be brought to M.I.T. to 
lecture on some aspect of geology. The first Lecturer will be Joseph L. Gillson, 
recently retired as Chief Geologist of the E. I. DuPont de Nemours Company. 

The first International Palynology Conference will be held April 23-27, 1962 at 
the University of Arizona. Nearly 300 palynologists from 32 countries have ex- 
pressed interest in attending 

The Third Caribbean Geological Conference will be held in Kingston, Jamaica, 
April 2-11, 1962, with technical sessions and excursions. 

Cuartes K. Brown has been appointed Industrial Geologist for the Atlantic 
Coast Line Railroad at Jacksonville, Florida. 

The Arizona Bureau of Mines at Tucson has published a new map showing 
the general location of known metallic mineral deposits in Arizona in color on a 
scale of 16 miles to the inch. 

Mark ( }ANDY received the Distinguished Service Award from his alma 
mater at Drake University Founders’ Day convocation on May 8. 

In the organizational changes in the raw materials program of the A.E.C. 
Rosert D. NININGER will continue as Assistant Director for Geology and Resource 
Appraisal, a position he has held since March, 1955. 

The Department of Geochemistry, Mineralogy, and Crystallography of Charles 
University, Prague, Czechoslovakia, are preparing a symposium on “Problems 
of Origin of Postmagmatic Ore Deposition (with special reference to Geochem- 
istry of Ore Veins)” to be held in Prague in 1963, arranged by the Geological 
Survey of Czechoslovakia and the Department, and other institutions, with dis- 
cussion reserved for selected problems. Excursions to Pribram and other ore 
deposit regions are planned. Discussions are invited in the International Geologic 
Congress languages. 

Mason L. Hitt of Los Angeles, manager of exploration for Richfield Oil, 
became the 45th president of the American Association of Petroleum Geologists 


812 





SCIENTIFIC NOTES AND NEWS 813 


on April 27. He took over as president of AAPG at the conclusion of the asso- 
ciation’s annual convention which met in Denver. 


Coesite has been discovered in a Saudi Arabian Crater. This dense and highly 
stable form of silica not known to occur naturally on earth before it was collected 
and identified by U. S. Geological Survey scientists at Meteor Crater, Arizona, 
last summer has been made in rock samples from a crater near Al Hadida, in 
east central Saudi Arabia. There are now four places known on earth where 
coesite occurs, thus strengthening the contentions of those geologists who hold 
to the hypothesis that three of the craters and possibly others elsewhere in the 
world, are impact craters formed during collisions between earth and large celestial 
meteorites. 


\ seismograph placed on the bottom of the Atlantic has made the first recording 
of an earthquake by an instrument placed on the floor of the ocean at a depth of 
3 miles, southwest of Bermuda. 


The American Association of Petroleum Geologists presented honorary mem- 
berships to the following: Fritz L. Aurin, Southland Royalty Company, Fort 
Worth, Texas; N. Woop Bass, consultant, Fort Collins, Colorado; RALPH E. 
Davis, Ralph E. Davis Associates, Houston; Vincent C. ILtinc, V. C. IIling 
and Partners, London, England; and THErRoN WaAsSON, senior geologist and 
advisor to the Executive Committee, Pure Oil Co., Chicago. 


\ new superconductor material which offers no resistance to appreciable quan- 
tities of electrical current has been developed by Atomics International, a division 
of North American Aviation, Inc., under a research contract with the Atomic 
Energy Commission. Atomics International (AI) is located at Canoga Park, 
California. At liquid helium temperatures (—452°F) a wire has conducted 
100,000 amperes of electrical current per square centimeter in a moderately high 
magnetic field (30,000 gauss). The new material is a cold-worked alloy made up 
of approximately three parts of niobium to one part of zirconium. The alloy is 
malleable and strong and can be made into wires, bars, strips and other shapes 
without losing its superconducting properties. 


Troy L. Péwé of the University of Alaska has been nominated as corresponding 
member of the Commission of Pariglacial Geomorphology of the International 
Geographical Union. 


Joun W. Harsuparcar, Professor of Geology at The University of Arizona 
since 1959, has been appointed head of the U. of A.’s Department of Geology, 
succeeding Dr. Frederic W. Galbraith who retired late in 1960 as department head 
and curator of the Mineralogical Museum in the College of Mines. John W. 
Anthony, Associate Professor of Geology, has been appointed Curator of the Min- 
eralogical Museum. 


LAURENCE L. Sioss, Professor of Geology at Northwestern University, has 
been elected president of the Society of Economic Paleontologists and Mineralogists. 

GEorGE M. Scuwartz, Professor of Geology and Director, Minnesota Geologi- 
cal Survey, University of Minnesota, retired June 30, 1961. He will continue to 
maintain a residence and office in Minneapolis and will be available for consulting 
work, 


Paut K. Sims of the U. S. Geological Survey, Denver, has been appointed 
Director of the Minnesota Geological Survey and will assume his duties about 
September Ist. 
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Haroip L. James of the U. S. Geological Survey, Menlo Park, California, has 


1 


been appointed Professor of Geology to handle courses in Economic Geology at 


the University of Minnesota. 

Ricuarp W. Fetzner, research geologist, Sun Oil Company, Richardson, 
Texas, has been selected to receive the President’s Award of the American Asso- 
ciation of Petroleum Geologists for his article on “Pennsylvanian Tectonics of 
Colorado Plateau.” 

Samuet G, Lasky of Denver, Colorado, has been appointed Assistant Director 
of the Department of the Interior’s newly organized Office of Coal Research. Au- 
thorized by legislation passed in the 86th Congress, the Office of Coal Research 
will contract for, sponsor, co-sponsor, and coordinate research programs to develop 
new and more effective uses of coal, to expand present coal uses, and to reduce 
the cost of coal production and distribution, 

The Geological Survey of Canada this year placed 102 parties in the field. 
Over 400 persons, comprising geologists, technical officers, student assistants, and 


laborers, will carry out the program which takes in every province, the mainland 


north of the 60th parallel, and the islands of the archipelago. 
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